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PREFACE 


In the following pages I have endeavoured to present the 
subject of Spectroscopy from the practical side. As full 
details as possible have been given of the methods of working 
with the various types of instruments. In the many branches 
of Applied Spectroscopy, as distinct from the statistical work, 
it has been quite impossible to deal with the great number of 
researches of the present time. Typical investigations have, 
tlierefore, been selected, both with the view of indicating the 
lines upon which present work is being carried on, and, further, 
in the hoixj, which I trust is not a vain one, that more workers 
may be encouraged to enter this fascinating and prolific field 
of research- 

I have given no sot tables of wave-lengths, because these 
tables are published in a most convenient form by Dr. 
Marshall Watts, and their inclusion would have necessitated 
the sacrifice of a considerable amount of the text. 

My thanks are due to the many authors wlio kindly have 
allowed me to reproduce drawings and illustrations from their 
publications. To Professor Ames, of the Johns Hoi)kins 
University, am I particularly indebted for placing at my 
disposal the drawings and descrii^lion of ihc Rowland grating 
ruling engines. 1 am also indebted to Professor Kayser’s 
Tlandbuch der Spectroscopic for information upon his work 
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with Professor Runge on Spectral Series, and the work of the 
latter with Professor Paschen on the Zeeman efiFect I have 
also to record my cordial thanks to my friends who have given 
me much valued help— Mr. H. J. Harris, Professor F. T. 
Trouton, Messrs. J. K. H. Inglis and A. W. Porter. 

E. C. C. B. 


University College, London, 
A^ril, 1905. 
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SPECTROSCOPY 


CHAPTER I 

HISTORICAL 

The foundation of spectroscopy may be traced in the discorerv 
by Sir Isaac Newton, in the year 1666. that the amount of 
refraction suffered by different coloured rays of light is different 
with the same medium. He proved this in the first place 
by looking through a glass prism at some pieces of red and 
blue paper, when he noticed that the relative positions of the 
different coloured pieces appeared to be altered. In the 
second pkce Newton soon afterwards showed that a ray of 
sunlight IS a combination of a number of rays of various 
colours, each of which suffers a different amount of refraction 
or bending on being made to pass through a glass prism, and 
Aat of these rays the red is least and the blue most refracted. 
The historical experiment actually carried out by Newton is 
amihar to every one, in which he caused a pencil of sunlight 
winch was admitted through a round hole in the shutter of a 
ark room, to pass through a glass prism and then fall on a 
screen. He thus obtained what he called a spectrum, tliat is 
an orderly airangement of a series of coloured images of 
he hole in the shutter, these coloured images appearing in 
different positions by virtue of the different amount of re- 
fraction suffered by rays of various colours. Before Newton 
had carried out these experiments, the colours produced bv 
the passage of white light through a prism were supposed to 

"I’ people had 

li 
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*»ibd « „d to 'bri"7 

philosopher D.escartes. Although both Snell atiS^7 
-ere unawere „t *e composite* neto 5 !lu7h*7“ 

between the i^mt when li|?7SiiS. S’T 
the result of his discovery that white light is a 

at ..hich the i^ysTafon tolr r 

two media ?rjf a “ ° t, between the 

dicularly on to this sniface and^tLl T 

more obliquely ther fell ’ Th^s ! ^ ^°wa^s a maximum the 

by a rav of ^ deviation suffered 

depends upon 4 iCvdoiST of“r 

the following laws were found bv Snoll t.„,7 n 

tolled for nil cases of nimple retook “* “ 

the nt.774“?cSS^ 7 bf 

of »n.^nnd Z ^S?n?*?7* ” ““ >»■“ 

lie in the same jSlane, utcident and lefracted lays 
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HISTORICAL 

The sines of the angles of incidence and refraction 
is snlM relation to one another— a relation which 

law) ^ dependent upon the nature of the two media (Snell’s 

These laws will be better understood from a particular case 
In Fig. I let the stmight line AB mark the sepaLtirbetre„ 
any two isotropic media, for example, let AB represent a 

d"' 

tos continuing its path in the first medium, aS, whUe t£ 
other portion enters the water “ 

and pursues the path DF. 

This path DF is not a con- 
tinuation of the path CD, but 
is refracted from it to some 
extent, and if CD be con- 
tinued to 0, the amount of 
the bending is shown by the 
angle FDO, which is the 
angle of deviation. 

Through the point of in- 
cidence D the straight line 
GDH is drawn normal to the 



Fig. I. 


refracting surface, and this gives the angle of incidence CDG 
and tlie angle of refraction FDH, ^ 

*“7 states that the refracted ray 

in tlie .same plalie as the GH^^'V^^LTth 


Now, the sine of the angle CDG is equal to 


and the 
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I-DH i e,.al 

angle. CDO aid FDH be ea«J .'and r respecdvely- 

nc 

“5-i _ IK 

sin r ~ LM "■ LM> since ID = LD. 

LD 


Snell’s law states that the ratio or is constant for 
Ae same pair of media, whatever the value of i may be. This 

by'the sSol t 

J “cijnt rayisnonnal to the surface, then the angle i 
IS zero and therefore, smce sin o' = the angle r istlso 
zero j this means, of course, that no refraction takls place and 
the ray passes straight into the new medium. ^ ’ 

It is important to notice that the index of refraction is a 
r^tive term depending on the two media ; for example in the 

and in mter; n, gsMiab b, lie indaa of reiiaaion of a 
^bstance is always meant, unless speciaUy noted to the con- 
^g ^rato of velocities of light in air and in the substance 
TJie tem ‘absolute index of refraction” refers to the^S 
oltmed TOth &e specified substance in a vacuum. 

The direction in which the refraction of the light takes 

'?®/®P®'i<isupon the densities of the tto 
me^, and, although there are exceptions, it generally follows 
that, when a ray of light enters a dense medium from a rare 
one, It IS refracted towards the normal, and converselv wH 
^ing from a dense into a rare medium it is refracted awaJ 
™ -d »itb die 

towards, the normal; exceptions to this are known as ff^r 
example, certain ods, which, though they are less dense ti 
JMO. h.™ a higha iader of refhidoa iTwi tfd * 

foie. U.. aelocily of light ia i. Z *“• 

1. mtereaiag k , consaiet more fcUy tho simple care of 
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refraction shown above in Fig. i, because certain important 
results can be obtained from it. If the index of refraction 
for two media be known, the different values of the angle of 
refraction resulting from different angles of incidence may 
readily be calculated with the help of a book of mathematical 
tables. This may be done for air and water, assuming the 
index in this case to be i*34> which is sufficiently accurate for 
the present purpose. 

By Snelfs law we have — 

sin 2 

sin ^ 

j . sin 2 

and sm r = 

1*34 

Irom this it is possible to calculate the different values of r 
when / is given different values, and these are set forth in the 


following table ; — 

Taulk I. 



of incidence. 

AukIc of rcfracliou. 

o'" 

0 

P' 

o'' 

lo'" 

7 " 

2 (y 

0" 

20 *" .... . 

14° 

51' 

48" 

30'’ 

32 ^ 

1' 

27" 

40^ 

38° 

49' 

26" 

50'". . . , . 

35" 

4' 

0" 

60" 

40^ 

30' 

20" 

70" 

44" 

48' 

41" 

80" 

47" 

36' 

45" 

yo*' 

48" 

35' 

35" 


In the column headed angle of incidence arc given values 
of this angle, increasing by lo'^ from or normal incidence, to 
90^^, when the incident ray lies along the surface of the w’-ater, 
while in the second column arc given the corresponding values 
of the angle of refraction. Since the angle of incidence cannot 
have a greater value than qo'*, it follows from tlie table that, in 
the case of air and water, the largest possible value of the angle 
of refraction is 48” 35' 25". 
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of the light passing 

boundary ^ ° ^ig- * again represent a 

boun<ki7 suij.ce between air and water. The incident ray CD 

as before, is 

a? r ^bich is reflected from the 

surface along the path DE, while the other leaves tire water 
and fol ows fee path DF, and, since the air is less dense than 

tveTi^TaS! '' ^be relations 

g ven in Table r evidently hold good in this case, and by their 

angle FDG whe ^ t produced in the 

angle ED G when changes are made in the angle CDH: for 

*be angle CDH has a value of 40“ 30' 20" the 
angle FDG measures 60°, and so on. If the angfe CDH be 

inweased until it reach the value 
48° 35' 25". the angle FDG will 
become equal to 90°, and therefore 
the emergent ray will lie along the 
surface of the water. Now, 90“ is 
evidently the largest possible value 
of the angle GDF, so that, if tire 
angle CDH be increased beyond 
the value of 48° 35' 35", none of 
the light wiU be able to leave the 

refle^ed along the path '^dl^ 

■when th<a nntriA f • niedmm, but is totally reflected 

^hich, in the case oTwIter an?? 

48® 35' 25". shown to be 

«*•Z/l!^a?d^iJ?v^°^? the 

r» - rrir 

Therefore, since sin 90° = i_ 



Fig, 2. 
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.= /.,an(l sin/ = ^ 

For example, the refractive index of a particular glass is 

1*62, and therefore sin i = = 0*6187, froni which /is found 

to be 38° 13' 30", which is the critical angle for the glass in 
question. 

The greater the value of the index the smaller is the criticaX 
angle, and it is interesting to note that the brilliance of a 
diamond in a deep setting is due to the very small value of the 
critical angle, which is about 19^" 30', so that all the light which 
reaches the bottom surface at a greater angle than this is totally 
reflected, with the result that much less light passes out through 
the bottom than would be the case with glass or similar 
substances. 

The following points must be remembered in connection 
with the simple refraction of light : — first, that a certain quantity 
of the light is always reflected, and in no case can total 
refmetion occur; and second, that no refraction fronf a dense 
into a light medium can take place unless the angle of in- 
cidence is less tlian a certain critical angle whose sine is equal 
to the reciprocal of the index of refraction. 

In the cases previously considered the refraction at a 
single boundary surface only has been dealt with; it is, of 
course, necessary to deal with two boundary surfaces at least 
for any practical purpose. The simplest case is that of the 
passage of a beam of light through a medium with parallel 
surfaces, such as a plate of glass ; this is shown in Fig. 3. 

liCt AB and CD represent the upper and lower parallel 
surfaces of a piece of plate-glass, and let the ray EF fall on the 
surface AB, making an angle of incidence L Part of the ray 
enters the glass, being refracted towards the normal, and 
pursues the path FG, making the angle of refraction /*. By 
Snell’s law, therefore — 

.sin i ^ 
sin r" 

Again, the ray FG on reaching the lower surflice Cl) is 
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U.u“rrlr^'!! 

sin r' 


It follows that — 


sin i' 


= 


sill / _ sin 
sin r ~ sin *' 

But by construction the angle /'is equal to the angle and. 

therefore, the angle must be 
equal to the angle i. 

The refraction at F and G is, 
therefore, equal, but in opposite 
directions, so that the ray of light 
on. emerging into the air from 
the glass pursues a path parallel 
to its origmal path; a plate of 
glass with parallel sides, therefore, 
when introduced into the path of 
a beam of light, in no way alters 
the direction of the path. 

The case is different, however, when the two boundary 

another, but are inclined It 
some angle to one another. .The deviation in the path of 



Fig. 3. 
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BAG. Then, if the ray DE fall on the surface AB, making an 
angle of incidence DEH, part will enter the prism and follow 
the path EF, which makes an angle of refraction FEL The 
relation between the angles DEH and FEI is defined by the 
value of the index of refraction. The ray EF on reaching 
the second surface AC is refracted away from the normal and 
passes along the path FG, the relation between the angles 
GFK and EFI being also defined by the index. 

It is evident that the deviation in the path of the ray DE, 
produced by the refraction at the first face, is increased still more 
by that which occurs at the second face ; the total deviation, 
which is the sum of the deviations at the two surfaces, is 
shown by the angle which is obtained by prolonging the 
paths of the incident and emergent rays. It will readily be 
seen on reference to the two cases shown in Fig. 4 that the 
angle d has the least value in case a ; indeed, it can be proved 
that the total deviation is the least possible when the ray 
passes symmetrically through the prism, that is to say, when 
the angle DEB is equal to the angle GFC. When, therefore, a 
ray of light passes symmetrically through a prism, the deviation 
is a minimum j it is important to notice that, in the case of 
minimum deviation, the path of the rays inside an isosceles 
prism is parallel to the prism base (BC in Fig. 4). 

In the cases of refraction dealt with in the preceding pages 
a tacit assumption was made that the rays of light were homo- 
geneous, that they consisted of light of only one colour; but 
since Newton, by his discovery of the composite nature of 
white light, showed that rays of different colours suffer different 
amounts of refraction, it becomes necessary to take a wider 
view of the phenomena. While SnclVs law states that the 
value of the index of refraction is a constant for rays of one 
colour, it differs for rays of different colours, and Newton as a 
result of his experiments found that the value of //. for red light 
is smaller than the value for blue light, or, in other words, that 
red light suffers least and blue light most refraction with the 
same medium. The fact of Newton obtaining a spectrum is 
simply explained, as shown in Fig. 5. 

liCt ABG represent a prism and DE an incident pencil of 
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f at the point E will of necessity bo 

different for every ray of different colour in the pencil, and. 

EH " Swl*”** EG. and 

refracted at the second face, and 

FI GK:“°”h 2? as shown for the three 

seLratert^^tt, T^® <^ifierent colours are thus all 

serrated by he pnsrn, and if they were received on a screen 

? °T produced, in which each colour 

rxamnl^J w refraction; for 

example, the blue would appear at the end nearer the base of 

A prism, i.e. at L, while the red 

would appear at the other end, I, 
while the mean position would be 
^ occupied by green. 

r indices of refraction for 

gZ of different colours have been 

Fir nieasured for many media, and, in 

n.s they have any practical 

discussed mr>r« fii • spcctioscopy, will be 

oTpSf III A “d l“ses in 

pter III A typical example of the indices for a glass 

with rays of different colours may be given to the 

variations in their values— ^ 

1 - 6^2 1 



Violet light ;.6^^ : 

- ^f:u;^Teis:Sa™ir 
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follows that, if purity of spectrum be desired, the most satis- 
factory source of illumination will be a narrow slit ; for a slit 
will tend to eliminate all unequal overlapping of its coloured 
images, and therefore to improve greatly the quality of the 
spectrum. The necessity for the use of such a slit does not 
appear to have entered Newton's mind, and it was not until 
1802 that the improvement was made by Wollaston, who was 
led to effect' it by accidentally observing with a prism the rays 
of sunlight admitted through narrow slits in a window-blind. 
On further experiment, Wollaston noticed a number of black 
lines, which crossed the spectrum in a direction parallel to the 
slit For some reason he did not investigate these lines 
further, and it was reserved for Fraunhofer, the celebrated 
optician of Munich, to study them thoroughly, and point out 
their immense importance — an investigation which laid the 
foundation-stone of the modem science of spectroscopy, 

Fraunhofer first occupied himself in greatly improving the 
apparatus for studying the spectmm, for, instead of allowing 
the rays to pass directly through the prism and fall upon a 
screen, he interposed a convex lens between the slit and the 
prism, and thus projected the images of the slit on to the 
screen; he obtained in this way a well-defined spectrum, 
which showed the black lines very well marked. He also 
made use of a telescope to examine the spectmm visually, 
and was able in this way to investigate the phenomena of the 
black lines more thoroughly. By the use of different prisms 
and by varying the form of his apparatus, Fraunhofer was able 
to prove that the black lines have perfectly fixed positions in- 
the solar spectmm, and he therefore concluded that the light 
which we receive from the sun, although it is to all intents 
and purposes white, does not give a complete spectrum, but 
is deficient in certain rays, and that these deficiencies are 
marked by black spaces in the spectmm. Although the actual 
meaning of the phenomenon was not known to Fraunhofer, 
he foresaw the great importance of the lines as landmarks, so 
to speak, by means of whicli it would be possible to make 
accurate measurements of the refrangibility of the different 
coloured rays. In his investigations, Fraunhofer mapped about 
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seven hundred of these lines, and labelled the eight chief and 
most decided of them by the letters of the alphabet, beginning 
m the red with A, and ending in the violet with H. At the 
present tinne these lines are still called the Fraunhofer lines, 
with the original letters attached, though the lettering has been 
very considerably extended beyond the limits of the spectmm 
which Piaunhofer investigated. 

This constituted the first part of Fraunhofer’s work; the 
second ^ part was connected with an investigation into the 
possibilities of measurement of the actual length of the waves 
of light, in whi* he succeeded in developing the theory of 
interference of light so far as to invent and construct himwif 
the first grating, by means of which he made several measure- 
ments of the wave-length of the D Ime with a wonderful degree 
of accuracy. The method Fraunhofer used for measuring the 
wave-length of light by means of a grating is indeed the same as 
that of the present day; but before entering into a description 
thereof, it is advisable to consider the work which had been 
Feviously carried out on the dififractiou and interference of 
light upon which the method is based. 


It was first noticed by Grimaldi in 1665 that a ray of light 
as it passes by the edge of some opaque object suffers a 
ce^ amount of bending, or diTraction as he called it; in 
other words, the shadow cast by the sharp edge of an opaque 
body IS not necessarily absolutely sharp. For example, when 
a beam of light passes through a slit and is allowed to fall 
upon a screen, the image of the sUt formed thereon is seen 
to be surrounded by coloured bands. Grimaldi also observed 
that, under certain conditions, when light is received upon a 
|creen from two adjacent sources, darkness is produced, and 
j meanbg was not clear to him, that light 
added to hght can produce darkness. Many years afterwards 
toe subject was thoroughly worked out by Thomas Young and 
by Fremel, the former of whom in 180 r published the femous 
pnna^e of m^erence; these physicists showed that the 
G^ldi expenm^t and many cognate phenomena can be 
very clearly explained by the wave theory of light. This 
theory, first developed by Huyghens in 1678, suppores that 
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light consists of transverse vibrations in an all-pervading 
medium, called the ether — that is to say, vibrations analogous 
to those of a stretched string, in contradistinction to sound 
waves, which are longitudinal. As an illustration, a single ray 
of light may well be compared to a series of waves passing 
along a stretched string of very great length, of which let a 
portion be represented by the curved line in Fig. 6. 

The string in a state of rest would lie along the straight 
line AB, but when in a state of vibration — that is to say, under 
the influence of a system of waves passing along its length — 
it assumes some such shape as is shown by the curved line. 
The limits of the wave motion are evidently given by the line 
AB' on the upper side, and by A"B" on the lower side. The 
direction of propagation of the waves is assumed to be in the 
direction of the arrow, from left to right. If now any one 



Fig. 6. 


particle of the string be considered, it will be seen that, during 
the passing of the waves, it simply moves to and fro in straight 
lines between the limits given by A'B' and A"B". For instance, 
let us consider the particle C in the figure ; evidently this will 
move to C" as the bottom of the wave passes, and then travel 
to C' when the top of the wave passes, and finally will return 
to C 7 -this cycle representing its motions during the passage 
of a complete wave. Thus, a whole wave-length is repre- 
sented by the length AC, and in speaking of a whole wave- 
length of light the complete length from A to C is meant. 
Every other particle of the string is executing exactly similar 
motions, though these arc not necessarily in the same direction 
at the same time as tliose of the particle at C, as, for instance, 
the particles at 1) and E. The particle at A, however, per- 
forms exactly the same movements simultaneously with C, 
and in like manner the motions of the two particles at E and 
F are synchronous. Since both A and C, and E and F are 
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separated by one whole wave-length, it follows that particles 
one or more whole wave-lengths apart execute the samp, move- 
ments simultaneously; such particles are said to he in the 
same phase. Similarly, particles which are separated by one 
or any odd number ,of half wave-lengths, such as E and D, 
are said to be in opposite phase— that is to say, at any moment 
they are moving with the same velocity, but in oppo.site 
directions. 

The case' of light waves travelling through the ether is 
similar to the above ; the ether particles, if we may so speak, 
separated by any even number of half wave-lengths, are always 
in the same phase, while those separated by any odd number 
of half wave-lengths are always in opposite phase. 

We have yet, however, to take account of the undoubted, 
though small, bending or diflfiactiQn ,that a ray of light suffers 
as it passes an opaijue object such as was first noticed by 
Grimaldi. Now Huyghens, in considering the means of 
propagation of light through the ether, laid it down as a 
general axiom that each ether particle in a state of vibration 
becomes the source of a new system of vibrations. At any 
given moment, therefore, every particle in the front surface of 
a wave acts as the source of a new system of waves, and the 
combjned effect of these disturbances on the adjacent particles 
after unit time forms the new wave front. It was assumed by 
Huyghens that these secondary waves, as they may be called, 
act entirely in the direction of propagation of the main wave ; 
this however is not strictly true, although a maximmn effect is 
produced in the direction of propagation. On these theoretical 
considerations Grimaldi’s diffraction and Young’s interference 
experiments can be explained. 

One of the experiments carried out by Young in extension 
of Grimaldi’s original work was to cause the light from two 
closely adjacent sources to faU upon a screen, and he then 
found that when white light was used fringes of colour were 
produced, and alternating light and dark bands in the case of 
homogeneous light. The explanation of this phenomenon of 
what are called interference bands follows directly from the 
wave theory of light, as was shown by Young when the 



HISTORICAL 


>5 


combined effect of two rays coming from different directions 
on an ether particle is considered. If the two disturbances be 
equal in amplitude and reach the ether particle in the same 
phase, both will tend to move the particle in the same direction, 
and consequently its motion will be doubled and a quadrupling 
of the light at that spot will ensue. If, on the other hand, the 
two disturbances be in opposite phase, one will tend to move 
the particle in one direction, while the other will tend to move 
it in the opposite direction with an equal force ; the result will 
be total extinction at that point. Such conditions are obtained 
in Fig. 7, where A and B are supposed to be two points emit- 
ting light of one colour and in the same phase ; they must each, 
therefore, be considered to be a source of a system of waves 
which are continually expanding in every direction around 
them. At any given moment 
waves which started from A and 
B at the same instant must have 
travelled the same distance, and 
a small portion of each wave 
may be represented by the sets 
of circles XiXj and Y.Yj, X,X, 
having B and Y,Ya having A 
as origin, for each set is described with B and A respectively 
as centres and with equal radii. Each set of circles may be 
tnifpn to represent one whole wave, that is to say, the two 
thick circles in each case arc one whole wave-length apart, 
and the two thin circles are a half wave-length distance from 
the two thick ones in each set. It follows, therefore, tliat the 
ether particles lying on all of the four thick circles are always 
in the same phase of vibration, and that the particles lying 
on the thin circles are in opposite pha.se to those on the four 
thick circles, but are in equal phase amongst themselves. The 
intersections of these circles mark the points where the ether 
come under the influence of disturbances from both 
A and B at the same instant ; it is the effects produced at these 
points tliat must be considered. 

At the intersection of the four thick circles at the points 
C, 1), E, and F, the ether [larticles are simultaneously 


A B 

♦ ♦ 


Y/ X/ Y* 




i6 


SPECTROSCOPY 


subjected to two equal disturbances at the same phase, and 
therefore a spot of' quadruple brightness occurs at these 
pkces; the same is to be noticed at G, where the two thin 
circles intersect At the points H, I, K, and L, on the other 
hand, where the thick and thin circles intersect, the ether 
p^des come simultaneously under the influence of two equal 
fcturbances at opposite phase, and therefore spots of total 
bkckness are produced. 

It IS important to notice in connection with this phenomenon 
of the interference of light, as it was named by Young, that no 
Offi of energy takes place; the light is distributed in mgvimi^ 
md nununa, but the total quantity remams the same, that which 
IS wanting in one place appears in another. 

The actual experiment carried out by Young is satisfied by 

an exactly similar ex- 
planation to the above, 
because he used two 
sources of light placed 
very near together, which 
emitted light at equal 
phase. He arranged this 
by allowing a raiy of sun- 
light from a hole in a 
Fig. 8. shutter to illuminate a 





forated by two small holes very close together; wWe 
the images formed by these two holes overlapped upon a 
third screen, he obtained the interference bands. Now these 
two small holes are directly comparable to the sources of light 
A and B in Fig. 7, for the light which passed through them 
both was supphed by the single hole In the first shutter, and 
was, therefore, evidently all of the same phase. 

a f importance to calculate the position of the light 
ind dark bands obtained in this experiment of Young’s, because 
It IS :^ssible to make rough measurements of the wave-lenetli 
of light by Its means. In Pig. 8 A and B are the two. pin- 
holes whi^ are emitting homogeneous Ught at the same phase 
^d C IS the screen on which the bands are formed Let us 
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now consider the illumination of the screen C at any point, F ; 
evidently the straight lines AF and BF will represent the paths 
of the rays of light arriving at F from A and B respectively. 
With centre F and radius FA the small arc AG is described 
from A to the line BF ; the length BG, therefore, represents the 
difference in path travelled by the two rays BF. and AF in 
their journey between the two screens; evidently the waves 
from the aperture B travel a greater distance than the waves 
from A, the difference in path being given by; the length 
B(t. If now BG is equal to any even’ number of half wave- 
lengths, it follows that the waves leaving A and B in the same 
I)hase arrive at F in the same phase, and therefore the illuhii- 
nation at is quadrupled. If, on the other hand, BG l;)e 
etpial to any odd number of half wave-lengths, the waves; will 
arrive at B in opposite phase, and total extinction will occur. 
The same holds good on the other side of the centre E, and 
since, of course, E itself marks the position of a bright band, 
the effect is produced of a central bright band surrounded 
by alternate minima and maxima of brightness, the minima 
occurring when BG equals i, 3, 5, etc., half wave-lengths, and 
the maxima when BG equals 2, 4, 6, etc., half wave-lengths. 

It is possible by means of this experiment to make a rough 
determination of the wave-length of the light, since we ’ can 
calculate the value of BG by means of measurements which 
are quite simply obtained. In Fig. 8 the points F and D are 
joined by a straight line; then, since the arc AG is very small, 
it may be considered as a straight line at right angles to DF, 
and further, since AB is perpendicular to DE, it follows that 
the angle BAG is equal to the angle B'DE — 


"J^herefore 


BG FE 

AB " FD* ■" 


FE X AB 
FD " 


Now, in an actual experiment the length FE is very small 
compared with the distance between the screens, and therefore 
FD is very little longer than DE, so that we may substitute 
DE for FD in the above equation without introducing any 
appreciable error. We have, therefore — 


- 

" DK * 


T. I>. C. 


c 
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The distances FE, AB, and DE can easily be measured, and 
thus the length BG can very simply be obtained. It must be 
remembered that, when F is taken as the centre of a bright 
band, BG is equal to some even number of half wave-lengtlis, 
two if the first bright band be measured, four with the second, 
and so on; and similarly, when F is taken as the centre of a 
dark band, BG is equal to some odd number of half wave- 
lengths, one in the case of the first band, three in the case of 
the second, and so on. 

By an extension of this principle of interference the 
phenomenon can be explained which was first observed by 
Grimaldi, and called by him diffraction of light, namely, the 
appearance of coloured bands round the shadow cast under 
certain conditions by an opaque object. The true explanation 


c 



1 ^ ^ 
Fig 
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of this phenomenon is due to Fresnel, who thoroughly in- 
vestigated the subject, and showed that all the observations 
could be accounted for by Huyghens's principle and Young’s 
theory of interference. The most satisfactory results are 
obtained when a beam of light from a narrow slit is allowed to 
pass through a second slit parallel to the first and then to fall 
on to a screen; on each side of the central image and parallel 
to it well-developed fringes are to be seen, which consist of 
coloured bands when white light is used, and of alternate bright 
and dark bands when the light is homogeneous. The ex- 
planation of these fringes follows very clearly from what has 
gone before, as may be seen from Fig. 9, which is a diagrammatic 
representation of the experiment 

AB and Cl are the two parallel slits, and EF the central 
image, formed on the third screen by the beam of light passing 
directly through the two slits. By the use of the two slits we 
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are enabled to ensure that all the waves of light leaving Cl 
for the third screen are in the same phase, that is to say, that 
all the ether particles lying between C and I are in the same 
phase of vibration ; let us now for the present assume that the 
experiment is made with light consisting entirely of rays of 
the same wave-length. It follows from Huyghens’s theory of 
the propagation of light that the ether particles lying between 
and I become sources of disturbances, which, ^though their 
maximum effect is in the direction of propagation of the light, 
i,i\ towards EF, yet proceed also in every direction on each 
side of the central beam. The third screen, therefore, be- 
comes illuminated on either side of the central image ; a certain 
amount of interference, however, takes place amongst these 
rays, an amount which varies at different points. The central 
image EF is necessarily very bright for two reasons, the first 
because the maximum effect of the vibrations of the ether 
particles between C and I tends directly towards EF, and the 
second because a minimum of interference occurs at this place. 
In order to deal with the illumination on each side of the 
ctmtral image let us consider that produced at some point, G, 
on the screen. The straight lines GC and GI are drawn, and 
these will evidently include all the rays which arrive at G j it 
is with the mutual interference of these rays that we are con- 
cerned. If with centre G and radius GC the arc CH be 
drawn, the distance IH will represent the difference in path 
travelled by the two outside rays IG and CG in their journey 
to (f. When this length IH is equal to any odd number of 
half wave-lengths, the two outside rays of the pencil arrive as 
( J in opposite phase and neutralise one another j the next pair 
also interfere with one another, but not entirely, since they do 
not arrive at G in exactly opposite phase; the next pair again 
interfere still less, and so on until the ray in the centre is not 
interfered with at .all. Under these circumstances the total 
amount of interference at G is the least possible, and G there- 
fore marks the position of a bright band. When, however, IH 
is eciual to any even number of half wave-lengths,, and the two 
outside rays arrive at G in equal phase, then there must meet at 
( 1 an equal number of rays at opposite phase ; evidently the 
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two halves of the pencil will neutralise one anotlaer, and in 
this case G will mark the centre of a dark band. When, 
therefore, homogeneous light is used there occur on eacl\ side 
of the central image a series of dark and bright bands whose 
positions depend upon IH being equal to any even and odd 
number of half wave-lengths respectively. A very rough 
measurement of the wave-length of the light is also practicable 
with this experiment in a similar way to that shown before 
with Young's interference experiment with two adjacent pin- 
holes. 

If white light had been used in the above instead of 
homogeneous light, coloured bands would have been obtained 
in place of the alternate bright and dark bands ; the explana- 
tion of these follows on exactly the same lines as that given 
for homogeneous light. The point G has already been shown 
to mark the centre of a bright band when IH equals an odd 
number of half wave-lengths, and thus, if the light emanating 
from the ether particles between C and I be a mixture of 
disturbances of many different wave-lengths, there will be of 
necessity many positions of G at which the light is brightest 
a different one for every ray of different wavWengtli. . Instead 
of -a bright band of one colour, as in the case of homogeneous 
light, a row of very closely situated maxima of different colours 
will be obtained, uc, a. spectram, in which the colours arc 
placed according to their wave-lengths. Since violet light has 
the shortest wave-length this colour will appear on that side of 
each band which is nearer the central image, and the red, which 
has the longest wave-length, will appear on the outer side or 
that which is further from the central image. In place of the 
bright and dark bands which are obtained with homogeneous 
light, series of spectra are now observed with their violet ends 
turned towards the central image; and of these spectra the 
first satisfies the condition that IH is equal to one half wave- 
length, the second the condition that IH is equal to three half 
wave-lengths, and so on. These spectra decrease in brightness 
the further they are from the central image, owing to the fact 
that the effect of the disturbances due to the ether particle 
between C and I is a maximum in the direction of propagation, 
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and decreases rapidly when the angular distance from this is 
increased. 

In connection with the use of the two terms “diffraction ” and 
interference,” it is important to notice the difference between 
them j interference is used in reference to those cases in which 
the mutual action of two or more direct pencils of light is 
concerned, while the term diffraction is only applied to the 
case when an actual bending of the rays occurs, and Fresnel’s 
extension of Huyghens’s axiom is made use of in the proof of 
the resulting phenomena. 

The application of diffraction methods to the study of 
spectra was made by Fraunhofer, who so far developed them 
that he was able by their means to make accurate measure- 
ments of the wave-length of light. Fraunhofer conceived the 



idea of using in place of the single slit, as was dealt with in the 
last case, a number of such apertures placed at an equal 
distance apart. He collected all the diffracted rays from these 
apertures with a convex lens, and examined the spectra pro- 
duced at the focus of this lens. This series of equal and 
equidistant apertures is called a grating, and it is interesting to 
note that in devising this apparatus Fraunhofer invented the 
method of wave-length determination in use at the present 
time. 

A diagram of the apparatus is shown in Fig. to. Only 
two of .the apertures A13 and CD have been drawn, which are 
sufficient to explain the theory, and L is a convex lens called 
the collimator, which is used to throw a parallel beam of light 
from S upon the grating ; S is a slit placed parallel to the 
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gating apertures and illuminated from some outside source 
The lens used for coUecting and bringing to a focus the rays 
which pass through the grating apertures is not shown on the 
diagram, there being no need for it as far as the theory is 
concerned, because it in no way alters the phase of vibration 
of the waves. 

Now the ether particles lying in the apertures AB and CD 
become sources of vibrations which proceed chiefly in the line 
of propagabon towards M„ M^, and but also in other 
direcbons, for example, towards X^, Xi, X, and X- IVhen 
these rays we brought to a focus by means of the convex lens, 
evidently ^ose travelling towards M„ etc., will produce a bright 
image of the slit S witliout any mutual interference taking place 
but the case is different with the diffracted rays X„ etc. In 
order to mvesbgate the conditions of mutual interference 
among the latto, the stmight line BE is drawn perpendicular 
length DE will represent the difference in 
path travelled by the two outside la^s DX and BX, and also 
by the two outside rays CXand AX,, and therefore also the 
travelled by every pair of corresponding rays 

there it follows that for every ray in one pencil 

there is a correspondmg ray m the other pencil at opposite 
phase, and Aerefore total interference takes place whS the 

Jtly holds good for every adjacent pair of apertures of the 

lengths, then the reverse is the case, for every corresponding 

from^thi “d therefore the rays 

from these two apertures and every adjacent pair combine at 
the focus of the lens to give a bright injge of the s^ 

It IS, of course, veiy possible that DE be not edual to either 
an odd or even number of half wave-lengths ; fo sudi Mase 
mterfermce takes place, not between the diffracted rays from 

T'h I example, let us suppose DE to be eaual 
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and fifty-first apertures mutually interfere, similarly those from 
the second and fifty-second, and so on. It. can therefore 
readily be understood from this that, provided there be 
sufficient apertures, complete interference always takes place 
except when DE is equal to an even number of half wave- 
lengths. 

In the case of complex light, which consists of waves of 
many different lengths, there are just as many values of DE, 
with which a bright image of the slit is produced, and, as each 
of these has a different colour, a spectrum is produced in which 
each colour is distributed strictly according to its wave-length. 
We have, therefore, produced on each side of the central image 
a first spectrum, which corresponds to the condition that DK 
is equal to two half wave-lengths ; and then, outside of this first 



FiiJ. n. 


spectrum, a second, which corresponds to the condition that 
DE is c<iual to four half wave-lengths ; and again, outside this, 
a third, and so on. These spectra are called respectively those 
of the first, second, third, etc., orders, these being the names 
which were given by Fraunhofer. 

The appearance of the spectra as obtained with a grating is 
.shown in Fig. ii, in which O represents the undiffracted central 
image. 

It often happens that the different orders overlap one another, 
as is shown in the figure in the case of the second and third 
orders. 

Now, although the length DE in Fig, 10 cannot be measured, 
it may be very simply arrived at from measurements which are 
very easily carried out. 

In the triangle liI)E — 
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DE 

the ratio 3-5 = cos BDE = sin 0 , where 0 is the angle JC4DM4, 

or, as it is called, the angle of diffraction. 

It follows, therefore, that— 

DE = sin ^ X BD. 

product of the gratbg space and the sine of the anele of rfT 

^Chon; be wave-length of an unknown ray raayt fount 

by measmng the angle of diffraction obtabed with a 

This, however, is only true for the two spectra of the 
ord^and ,f i, i, .» hold good fo, aU ae 

ma, by \ *c 

nk = i sin 9 ^, 

catio? astSS* of diffraction, and its appli- 

light, Fraunhofer publS b isTbtn 

the Munich Acad^v of ^ S before 

by wbdh« sarefS ZdT 

of course?to frame takbg great care, 

regular for the whole distance Produced quite 

cases varied in thickL^^m ^ 

grating spaces vSto- ‘be 

tosaS nT S correspondingly from o-6866 mm. to 

Ibes b the ;ol J spectS S ITTh?!”*® 

G, and H, and thtS. be had labelled B, C, 1), E, 

length of the D Ibe with tentiff^* obtabed of the wave- 

extraordinarily accurate if WA wire gratings were 

sire of his grlCZl Z ‘be large 

granng spaces, the angles of diffraction were of tL 
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were as follows : — 


0-0005891 mm. 
0-0005894 „ 
0-0005891 „ 
0-0005897 „ 
0-0005885 „ 


0-0005888 mm. 
00005885 „ 
0-0005885 „ 
0-0005882 „ 
0-0005883 „ 


Soon after this Fraunhofer succeeded in making gratings 
y ruling equidistant and paraUel straight lines on flat glass 
plates ; he made two such instruments with grating spaces 
equal to 0-0033 mm. and 0-016 mm. respectively, and with 
these found tlie wave-length of the D line to be 0*0005886 mm 

“ 1 ° °°° 589 o mm. The value of this constant as adopted 
tit the present time is 0*0005893 mm. 

■f'lm importance of Fraunhofer’s work cannot be over- 

investigation of the black 
lines of the solar spectrum he first showed the possibUity of 
making accurate measurements of the relative dispersive powers 

0 substances, from an ignorance of which Newton failed in 
m Jung refractive telescopes j on the other hand, by his work on 
diffraction he founded the method of making absolute measure- 
ments of the wave-length of light. 

The actual physical significMce of the black lines in the 
spectram of sunhght was, of course, unknown to Fraunhofer 
and It TOs only by slow steps that any advance .was made 
towards their explanation, which was discovered about thirty-five 
years later. It Irad long been known that when certain metallic 
salts were fed into a flame, such as that of a spirit-lamp 
different colours were produced, and in 1822 Sir John Heischell 
observed that, if such flames were examined through a prism 
the light was resolved into single rays, and that bright lin^^ 
were visible on a dark ground, that is to say, discontinuous 
spectra were obtained. This fact was also known to Fraun- 
hofer, who further noticed that the yellow spectrum line 
obtained from the light of the flame of a spirit-lamp fed with 
common salt was identical in position with the D line of the 
solar spectram ; he also ob.served that the line in both these 
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^ses consists of a close pair of lines of equal intensity. It is 
difficult to decide as to who first made the discovery of the 
true connection between the bright spectrum lines obtained 
from metallic salts in a spirit-flame and the Fraunhofer lines 
but certainly in 1848 Foucault showed that, if the very powerful 
light from the electric arc were passed through a flame tinted 
yellow by a sodium salt, and then examined in a spectroscope 
f appeared m the spectrum in the identical positions 

of the D lines. This important result was, however, apparently 
rmnoticed until the whole matter was investigated and com- 
pletely expired by Krchhoff in 1859, who, in papers read 
before the Berlm Academy of Sciences, gave a mathematical 
deduction and experimental proof of the great law which is 
known under his name. This law stands as follows The 
relation between the powers of emission and the powers of 
absorption for rays of the same wave-length is constant for all 
bodies at the same temperature. 

This law of KirchhoflTs thus e.xpresses the following facts 
First, a substance when excited by some means or other 
possesses a certain power of emission; it tends to emit definite 
lays, whose wave-lengths depend upon the nature of the 
sub^nce and upon the temperature. Second, the substance 
exerts a definite absorptive power, which is a maximum for the 
rays it tends to emit. Third, the ratio between this emissive 
and absorptive power is constant for all substances at the same 
temperature. We must imagine, therefore, that the t>articles of 
a substoce when excited vibrate in certain definite wayswliich 
m a fraction of their chemical nature, and that these vlbra- 

"f this 

oUows naturally, that the molecules respond readily to tliesu 
wbrations, and absorb them in the same way as the strings 
Of a piano, for example, respond to and absorb sound waves 
bomhood instrument in the iieigli- 

Attration may be drawn to an interestmg and important 
result that foUows from Kirchhofl^'s law. Since th^ ratio 
between the pwers of absorption and emission is a constant, 

It is evident that the greater the opacity of a body the more 
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complete its spectrum, and conversely, the greater the trans- 
parency of a body the less complete its spectrum, A lump 
of metal, for example, when heated to a high temperature 
must give a continuous spectrum, while, on the other hand, 
a transparent body cannot be made to incandesce. In order 
to obtain the true emission spectrum of a substance it must 
be dealt with in tlie state of gas. 

Kirchhoff was enabled to form a theory of the constitution 
of the sun based on his knowledge of the origin of the black 
lines in the solar spectrum. He conceived the idea that the 
sun is surrounded by a layer of vapours of many substances, 
which act as filters, so to speak, of the pure white light arising 
from the incandescence of the interior solid body of the sun, 
and abstract therefrom those rays which correspond in their 
periods of vibration to those of the component molecules of 
the vapours. This layer is called the reversing layer, because 
Kirchhoflf gave the name revemal to the process of absorption 
which gives black lines in the spectrum of a substance in place 
of the bright lines obtained in the emission spectrum. The 
Fraunhofer lines thus become of extreme importance, inasmuch 
as they form a source of information as to the actual com- 
position of the sun, die existence of an element in the sun 
being proved by the coincidence of the lines of its emission 
spectrum with lines in the solar spectrum. 

As a natural result of Kirchhoffs discovery a great impetus 
was given to spectroscopic work, and attention was at once 
turned to the examination and mapping of the emission spectra 
of terrestrial substances with the view both of putting these on 
record and of testing their presence or absence in the solar 
atmosphere. Bunsen and Kirchhoflf stand foremost, with a 
long investigation into the spectra of many substances ; they 
.succeeded also in obtaining reversals of a number of the lines, 
and in establishing the presence of many elements in the sun. 
They drew maps of the spectra they observed, which for some 
time were used as standards of reference, but unfortunately all 
the results were expressed upon a purely arbitrary scale. The 
whole spectrum was divided up into a number of equal 
divisions, which were numbered, and the positions were noted 
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which the observed lines bore as regards this scale. Kirchhoff 
also used a similar scale in his work on the spectrum of the 
sun, and thus the whole of his and Bunsen’s individual and 
joint work was expressed in meanbgless units. 

■ Inasmuch as Bunsen and Kirchhoff had proved the 
existence of many tenestrial elements in the sun, it was a 
natural conse(iuence that the solar spectrum itself should come 
to be the standard of reference; the sun possesses a further 
advantage as a standard, in that the Fraunhofer lines are very 
fine and sha^ly defined, so that very accurate determinations 
of their position are possible.^ The measurement and mapping 
of the solar spectrum was carried out by A. J. .Angstrom, who, 
following Fraunhofer’s lead, measured the wave-lengths of an 
extremely large number of the lines, and made a map of the 
spectrum, in which each line was placed according to its wave- 
length. This map was called by Angstrom the Normal .Solar 
Spectmin, and was published in r868. This great research 
was carried out with the help of three gratings, which had been 
ruled on glass by Nobert, every care being taken to render the 
results as accurate as possible. The measurements covered 
the region between A and H, that is to say, all the visible 
spectrum, and the wave-lengths were expressed in ten-millionths 
of a millimetre, and carried to two places of decimals. This 
umt of length has been used ever since in wave-length determi- 
nations under the name of the Angstrom unit,® 

Now Angstrom measured the three gratings by means of 
a dividing engine, and thus determined for himself the width 
of the grating space by comparison with the standard metre 
at Upsala. Unfortunately, however, the length of this standard 
metre had been wrongly determined by Tresca, who had 


♦1. objections to the adoption of the solar spectrum as 

the standard of reference, which are discussed below, vide p. 21S. 

The unit of length, the ten-millionth of a millimetre, equals I X 10 
me r!’ ^ Johnstone .Stoney, a lenth- 

expressed in thousandths of a 
n ^ ^ ^ millimetre (ft/i). The wave-length of the 

Di line, for example, may he expressed as follows : — 


A = 0'S896i 6 or or 5896-610 A.U. or t.m., or 

5*89616 X lo-® cm. 
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compared it with the one at Paris on behalf of Angstrom, with 
the result that all the wave-length measurements were a little 
too small- The actual length of the Upsala metre was after- 
wards found by Lindhagen to be 999*9^4 mm. instead of 
999’8i mm., which was the value used by Angstrom. 

Angstrom, on discovering the error, deputed his pupil 
Thaldn to correct all the measurements, he himself being too 
old —indeed, he died before the corrections were finished. In 
addition to the complete recalculation of Angstrom’s values, 
Thal<fn extended the work by determining the wave-lengths 
of the spark spectra of all the metals then known (44) by 
means of a prism spectroscope, directly referring the values to 
' Angstrom’s normal map- 

The publication of Angstrom’s map marks a definite stage in 
the development of spectroscopy ; for the first time a standard 
of reference, placed upon a physical basis, was put upon 
record. The determination of wave-lengths of lines in 
unknown spectra was now made possible by a direct com- 
parison between the unknown spectrum and that of the sun, 
and the calculation of the unknown wave-lengths by a simple 
jKOcess of interijolation between those of the lines in Angstrom’s 
map. An additional most important consequence was that 
the results of different experimenters were referred to the same 
standard' and brought into line, so that they could be collated 
and compared amongst themselves. 



CHAPTER II 
HISTORICAL — continued 


In the last chapter none of the work was taken into t'on- 
sideration which has been carried out by various experimenters 
upon the extreme ends of the spectrum. As is well known at 
the present time, the visible portion by no means represents the 
whole spectrum, as it extends in both directions far beyond tho 
regions which can be reached with the eye. Recent discovericts 
go to prove that fhere can exist in the ether waves varyinjjf in 
length from several hundred metres down to a limit so small 
as to be beyond the powers of measurement of our present 
apparatus. Light is composed of waves of intermediate lengths 
which form a very small fraction of the whole. The visible 


spectrum extends from about 7600 to 3900 Angstrom units 
(0-00076 mm.— 0-00039 mm.), but by various means emission 
spectra have been traced between the limits 100,000 and looo 
Mgsttom units. The history of the discovery and early 
mv^hgation of these invisible regions is extremely interestint?. 

It IS noteworthy that a fact pointed out by the chemist 
Scheele m r777 was the origm of the discovery of the invisibU- 
pomto beyond- the violet. He knew that the salt .silv.-r 
chlonde possesses 4 e property of changing from white to 
p^le whM exposed to sunlight, and on investigating tho 
effect of the^erent colours of the spectrum he found that 
the grratest effect was produced when the silver chloride was 

JfoktIS ® 


“ invisible spectrum was Sir 
William Herschell in rSoo, who was tnaVino. 

louo, WHO was makmg some experiments 
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upon the different colours of the spectrum with a view of 
finding which had the least heating power, as he wished to 
obtain the most suitable colour for sun glasses to use with 
his telescope. Herschell caused a beam of sunlight to pass 
through a prism, and then tested the heating power of each 
colour upon the bulb of a delicate thermometer; he found 
that the maximum effect was obtained in tlie region beyond 
the visible limit of the red. 

In 1840 Sir John Herschell continued the investigation 
of the subject, and succeeded in proving the fact that the 
spectrum actually extended beyond the visible limit, and that 
the Fraunhofer lines were continued into this region. His 
method of proving this was one of great ingenuity. He 
painted a sheet of paper with gum and lampblack so as to 
make it readily absorptive of heat ; this paper was then dipped 
into alcohol and exposed to the sun’s spectrum. Had the 
invisible portion been quite continuous, the alcohol, being so 
volatile a liquid, would ihave entirely evaporated, leaving a dry 
strip where the invisible spectrum had been projected on to 
the paper. This, however, Herschell found not to be the case, 
for only partial drying took place, and three or four damp 
patches were left which marked the presence of absorption 
bands in the invisible region. The investigation was taken up 
more fully soon afterwards by many experimenters, and the 
spectrum was proved to extend far beyond the limit of visibility 
in the red, and to contain many of the Fraunhofer absorption 
lines. Tliis portion of the invisible spectrum, which is called, 
the infra-red, consists of tlie rays of longer wave-lengths which 
evidence themselves as radiant heat, and, therefore, may be 
readily examined by means of a thermopile, and most of the 
investigations have been carried out with tlie help of such 
apparatus. These apparatus improved in delicacy as time 
went on, and the emission spectra were found to extend 
a very great distance in this direction. Amongst other im- 
portant work upon this part of the spectrum may be nifcntioncd 
that of l^angley in Ameruxi, who’ made use of an exceedingly 
delicate electrical resistance thermometer, whictf he called a 
bolometer, and made investigations chicily into the infra-red 
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portion of the solar spectrum. Very important researches 
have also been carried out by Paschen and by Rubens, a full 
account of whose methods will be given in Chapter VIII. 
It is interesting to note that photographic plates have been 
made which are sensitive to these heat rays, and Abney has 
succeeded in obtaining photographic records whidi extend 
very far into this r^ion. 


was natural after Sir William Herschell’s discovery of 
the infra-red spectrum, it was soon asked whether or no there 
existed a similar extension beyond the violet, and in 1803 
Inglefield drew attention to Scheele’s observations on silver 
chloride, and thought in consequence that such an extension did 
exist. The first actual demonstration, however, of there being 
an ultra-violet region was made by Ritter and by Wollaston, 
who showed that the blackening of the silver chloride took 
place quite^ readily in the regions of the spectmm beyond tire 
visible limit in the violet. In 1842 E. Becquerel succeeded 
in^ proving the presence of the Fraunhofer absorption lines in 
this r^on of the solar spectmm, by projecting it on to strips 
of paper which were coated with silver, chloride; in this way 
he photo^phed it, and detected the presence of a Jong ultra- 
violet region which contained many Fraunhofer lines. These 
he labeUed, foUowing Fraunhofer’s lead, with the letters L to 
P, which meant the^ extension of the spectrum to the limit 
of about X = 3400 Angstrom units. This ultra-violet region 
can best be examined by photographic methods, because the 
rays of shorter wave-length which compose it happen to be 
^ve towards silver salts, and, therefore, investigations in this 
direchon are more easily carried out than those into the infra- 
however, readily absorbs these rays when they are 
0 shorter wave-length than about 3300 Angstrom units, and 
toerrfore more transparent substances must be made use of 
for lenses and prisms. Stokes has shown that quartz and 
Iceland spar are very transparent to these rays of short wave- 
ength , quartz being the better of the two, because Iceland 
s^ absorbs all waves of lengths shorter than 2x50 units. 
Wife w apparatus fitted with quartz lenses and prisms it is 
perfectly easy to reach as far as X = 1850 A.U., provided that 
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tlie rays have not far to travel through the air, as it has been 
found that moderately thick layers of air exert a powerful 
absorption upon these rays. In order to investigate the region 
beyond the limit of A. = 1850 A.U. it is necessary to substitute 
fluorite for quartz in the case of the lenses and prisms, to 
exhaust all air from the apparatus, and to use a specially 
prepared photographic plate containing no gelatine. This has 
been done by Schumann, who has succeeded in reaching an 
estimated limit of 1000 tenth-metres. (An account of this 
work will be found in Chapter VIIL) 

In the case of the infra-red spectrum, also, it has been 
found that glass readily absorbs the rays of longer wave- 
lengths, and it is necessary to use lenses and prisms of 
fluorite, rock-salt, or sylvin for work in this region. 

The extension of Angstrom’s Normal Map of the solar 
spectrum and the mapping of the ultra-violet region was 
carried out by Cornu, and was published in part in 1874, and 
the remainder in 1880. Cornu, of course, used photographic 
methods, and obtained his spectrum with gratings ruled by 
Nobert, similar to those used by Angstrom. 

The stage in the development of spectroscopy reached at 
the time of the appearance of Angstrom’s normal solar spectrum 
marks its birth as an exact physical science. More and more 
experimenters entered this field of research, and advances were 
made in every direction. It is, however, only possible in this 
short introduction to discuss the work directly leading to the 
establishment of the standards of reference. With the growtlr 
of the science during the next quarter of a century we cannot 
deal ; we must leave it here and take up the thread again at 
the time when Angstrom’s map was superseded. This was 
done by Rowland, who has published a complete normal 
photographic map of tlie solar spectrum, based upon a new 
invention he made in connection with tlie ruling and mounting 
of gratings. This map is about 20 metres long, and has a scale 
of wave-lengths attached, the maximum error in any part being 
estimated to be under o*oi of an Angstrom unit. The 
measurements are entirely based upon a new determination of 
the absolute wave-lengths of one of the D lines which had been 
T. p. c. D 
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carried out previously by Bell and others. This value is 
rather greater than that determined by Angstrom and corrected 
by Thalfe, and therefore the wave-lengths on Rowland's scuiltj 
are generally greater than on that of Angstrom. The diffcrcncti 
however is not constant, and varies from about 0*5 to about 
1*8 ’A.U. in diflFerent parts of the spectrum. By comnu^n 
consent, in view of the accuracy of Rowland's method and work, 
his scale was universally adopted as the standard of reference. 

In the first chapter the theory of gratings was discussed only 
as far as it.had been carried by Fraunhofer; the simplest case 
was then given, namely, that of a transmission grating receiving 
light normal to its ruled surface. In this simple case it was 
shown that if \ stands for wave-length, b for the grating spatte, 
and 6 ^^ for the angle of diffraction corresponding to the order 
of spectrum the relation holds 
“ I that — 

nX = b sin 6 ,,, 

a great advance in ruling 
; gratings was made by Rutherfurd of 
‘ New York, who first ruled glass 

Fig. 12. gratings, and by afterwards silvering 

them obtained reflection grating.s, i,t\ 
gratings which give their spectra by reflected light. He 
findly succeeded in producing very fine reflection gratings by 
ruling a polished plane metal surface, which in reality presents 
an easier surface to rule than glass, as it is not so hard, and 
therefore the ruling diamond is not so mudi worn 'I’lu* 
theory of the production of the spectra with a reflecting 
grating foUows directly from that already given in Chapter L 
the source of light acting as if it came from behind the Kmtinir 
and m^e some finite angle with the normal. The latter ca.se 
ttot of a transmission grating receiving an oblique beam of 
light, is shown in Fig. 12. 

f 10 (p. 21), only two grating aperture.s 

ai^wn, AB and CD, these being sufficient for the present 
pui^se. A p^lel beam of Hght falls obliquely on to the 
grating from M, making the angle of incidLe / with the 
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normal; a great portion of the light passes directly through 
the apertures, while a portion is diffracted in the direction of 
X, these rays making an angle of diffraction B with the normal. 
If now the perpendiculars BF and BG be drawn, it will be seen 
that the difference in path travelled by the corresponding rays 
in each pencil, or the retardation as it is called, is given by 
the sum of the lengths FD and DG, and therefore when these 
two lengths together are equal to some number of whole wave- 
lengths no interference takes place, and a bright image is 
produced when the diffracted rays are brought to a focus. 
Now, FD can be shown to be equal to 
BD sin 2, and DG to be equal to BD sin By 

and therefore A. = BD(sin i sin B)y 
or more generally n\ == ^(sin i 4* sin 

In all cases where the light falls obliquely 
on the grating a certain amount of retarda- 
tion is dependent on the angle of incidence 
as well as on the angle of diffraction. 

Exactly parallel is the case of a reflecting 
grating, as can be seen from Fig. 13. 

A beam of light falls obliquely on the grating, making an 
angle of incidence i with the normal, and a portion is diffracted 
towards X, the angle of diffraction being ft The perpendiculars 
BE and DF are drawn, and as before the lengths DE and BF 
represent the retardations. Now, the ray MB is retarded on 
the corresponding ray MD by an amount equal to tlie length BF, 
but, on the other hand, the ray DX is retarded on the ray BX 
by an amount equal to DE, and therefore the total retardation 
is equal to BF — DE ; 
but BF = b sin 2, 

and DE = ^ sin ^ ; 

therefore die total retardation = ^(sin i — sin B). 

When tins value is equal to one or more whole wave-lengths 
a bright imago is seen, and therefore we have the general 
etiuation — 

)ik 1- ^(sin i — sin 



Fig. 13. 
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If the diffiacted rays are on the other side of the normal, 
that is to say, the same side as the incident rays, then clearly 
the two retardations are additive, and thus we have the 
general equation for all the spectra — 

nk = ^(sin i ± sin 6 „), 

the positive or negative sign being used when tire incident and 
diffracted rays are on the same or opposite sides of the normal 
respectively. 

Rowland was led to his work on gratings by his invention 
of a very accurate method of cutting a screw, which, of course, 
B the basis of all dividing engines such as are used for ruling 
gratings. The screw is first of all cut with the desired pitch 
and rather longer than is required, a nut several inches long is 
also cu^ with a female screw of the same pitch so as accurately to 
fit the male screw. This nut is made in four sections, which 
are ^ped together on the male screw. This clamped 
nut is then worked backwards and forwards along the 
whole length of the long screw for a very long time, and 
m this way all the errors are averaged down until they are 
evenly distributed over the whole length. The nut, of course, 
requires continually to be tightened during the process to tnVp 
up the wear, and the temperature must be carefully kept 
constot. In this way extremely accurate screws can be cut, 
and indeed aU screws for fine micrometers and such apparatus 
are now made by this method. When he had obtained a screw 
sufficiently accurate for his purpose, Rowland constructed, a 
grating ruling machine, and succeeded in making grating's far 
finer than any that had previously been prepared. He has 
been able to produce gratings with a ruling of 100,000 Uncs to 
the inch, though the closeness of the rulmg renders such 
^tm^ too troublesome to prepare for ordinary purposes, 
descnption of Rowland’s dividing engbes see Chapter 

In i 88 i, Rowland conceived the idea of .raling gratings on 
a sphmcal i^or of speculum metal. In the previous 
espies m dealmg with the spectra produced by gratings 
the use of lenses has been assumed for bringbg the diffracted 



HISTORICAL 


j-^ys to a focus, but with a concave grating these are dispensed 
^ith, because the grating itself, being ruled on a spherical mirror 
focuses the rays and produces the spectra. The mathematical 
properties of the concave grating Rowland has completely 
investigated, and the instrument has proved to be one of tiie 
greatest inventions ever made in spectroscopy. The methods 
c>I mounting the instrument and of working with it will be fially 
given in Chapter VIL, but to a certain degree they must be 
clescribed at this point in order to explain by what means 
J^owland arrived at the determinations of his solar standards. 

The most important property of this grating, shown by 
I?.owland, is that if the source of light, Le. the slit, and the 
grating, be placed on the 
oircumference of the circle 
^hich has the radius of 

ot-irvature of the grating as / \ 

cliameter, the spectra will / \ 

ixlways l 3 e brought to a / 

focus on this circle. For ,. | b 

example, let AB in Fig. 14 \ — 

"be the radius of curvature / 

of the grating CD; the \ / 

circle AFIKJ is drawn with 

All , . . , ^ 

rnclius - ' , that is, with E 

2 Fig. 14. 

as centre. Then if the slit 

1> e placed on the circumference of this circle, for example at 
the spectra will be formed round the circumference, so tbat 
if an eyepiece he placed at G the spectra will be seen in 
perfect focus, and may lie examined by moving the eyepiece 
round the circle, 

Furthermore, Rowland showed that great advantages accrue 
if observations arc made on the spectrum normal to tbe 
grating. In the equation deduced on page 36, we have 
X = Z^(sin / ± sin d), 

a,iid therefore when the spectrum is observed directly normal 
to the grating — 


X = ^ sin because ^ = o. 
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If now the eyepiece he moved a very small dislanrt* to on<r 
side of the normal, then — 

A, 4- C = ^ sin i ± ^ sin 


■where C is the small change in wave-length obscrviid, and 0 is 
the angular distance through which the eyepiece has bcc^n me )V<h 1, 
It follows that C is proportional to b sin and thcrctfon* to 
B itself, because ^ is a constant and the sines of small aiip;k*s 
are proportional to the angles themselves. But the angle 0 is 
proportional to the linear distance through which the eycjpiort* 
was moved, and therefore it follows that the linear clistain^o 
through which the eyepiece moves is proportional to the chang«* 



Fig. 15. 

graphic plate is automatically kept 
the grating. 


in wave-length observed, 
or, in other words, for 
small distaiK^es on each 
side of the normal the 
spectrum is itself normal. 
This fact, which is true, 
of course, for every grat- 
ing both flat and concave, 
is most important, result- 
ing as it does in the ob- 
servation of truly normal 
spectra, for in the mount- 
ing adopted ])y Ro\vIa?ul 
for his concave grating 
the eyepiece or photo- 
in a position normal to 


Av “ ‘WO girders rigidly fasUinetl l.y 

accurately adjusted at 
of these rails runs a 
GE^Th? ^ ° carnages being joined by a beam, 

their rails. ThesStSA carnages to move along 

rails at A the <mf intersection of tlut 

plate at 'e Se? A eyepiece or photograplii<r 

pate E. Under these aicumstaaces it is evident that, 
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wherever the grating and eyepiece may be placed, the circle 
having GE as diameter always passes through the three points 
G, A, and E. 

Furthermore, in order that normal spectra may be always 
observed, the grating is placed normal to the direction GE, 
and therefore, by construction, E is made to coincide with the 
centre of curvature of the grating. When a photographic plate 
is employed in place of the eyepiece at E, it is necessary that 
it be bent to fit the circular focal curve, when it becomes 
possible to photograph a considerable portion of the spectrum 
normal 

A second very valuable property also results from the 
above mounting of the grating, and on this is based the metliod 
of relative wave-length detennination. In Rowland’s special 
case, as above, the equation of wave-length is simplified to — 

n\ = h sin /, 

when observations are made normal to the grating. 

It follows, therefore, that for one particular position of the 
slit — 

A,' =5 ^ sin i in the first order 
2V' 5= b sin i „ second order 
3X'" = b sin i „ third „ and so on, 

where X', X", X'", etc., are the wave-lengths in the first, second, 
and third, etc., orders. 

We have, therefore — 

X’ = 2X" = 3X'", etc. 

and thus, at any position of the slit, the various orders of 
spectra are superposed, and the wave-lengths of each are 
directly proportional to the^number of the order. For example, 
on a wave-length of 9000 Angstrom units in the lirst order are 
superposed exactly ^5^ in the second order, and 3000 in the 
tliird, and 2250 in the fourth; on a wave-length of 6000 in 
the third order are superposed 4500 in the fourth order, 3600 
in the fifth, 3000 in the sixth, and so on. 

These two properties, namely, the normality of llie spec- 
trum and the relation of the superposed orders, enabled 
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Rowlajid to measure the wave-lengths of all the lines in the 

accuracy relatively to the wave- 
mentioned, was the D, 
hue whose wave-length was adopted as 5896-156 as a meai! 
&e best meamements. By measuring the lines in the 

to D, line, Rowland 
mJL ofrtT wave-lengths of fourteen lines in different 

spectrum with the greatest possible accuracy, and in 

i thf determined the wavelengths 

Int* ^®® throughout the spectrum. He ften 

^ ^“owledge of the wave-lengths of all the principal 

Ste **'® wave-lengths on each 

Shp photograph and its scale 

Wh ® ^^’ioh the wave- 

ITS^ S"®^t ease. The beauty 

of the method hes in the fact that, though the wave-length of 

of t£‘!“t “1,*® ^'ot the relative accuracy 

e2 nShV .'If ® o^oeedingly great, far greater than 
^Tome llrT,^ sepmte wave-length determinations. If 
of th^ n r ^*® ^ determmation of the wave-length 
T, ^ -1^® ™sde, the relative accuracy of Rowland’s 

tX^Mnr^-”°‘ P^ove necessary 

BeU’s determination of the absolute wave-length of the D 
^ ™ wia . of ™itag a Ca« fS 

Rojlaid^ . 04 ; he had accos. w more aLrate aod 

L Su^rthf ^®®“ p«™ workers, and it 

be oSS A " “"® "®®c™ ‘constant could 

he obtained. An account of the methods employed and the 

refemng to measurements with two glass gratings, whilffhe 

measa^Snte'^e^bi^nf’mS’ ^ Rowland’s 

supposed; see page 312. as correct os had been previously 

' as. 263 ^887), and 88. 255 and 360 {1888). 
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second is a much more extended discussion of them, and some 
further measurements with two reflecting gratings, and contains 
a full account of the errors and methods adopted to eliminate 
them. These errors arise from the inevitable small imper- 
fections occurring in the ruling of the gratings, errors which 
are by far the greatest to be met with in the investigations. 
Bell points out that there are five more or less different 
methods of making the measurements, depending on the 
position of the gratmg in relation to the collimating and 
observing telescopes. The wave-length equation may be 
written in the form — 

n\ = ^{sin i + - t)} 

if / be the angle of incidence, and the angle of deviation ; 
then if / be made equal to zero the equation will be 
simplified to— 

nX = 3 sin 

which applies to the first two methods, in which the grating 
is placed normal to the collimator and observing telescopes 
respectively. 

The third method is the one adopted by Angstrom, in 
which the grating is set nearly perpendicularly to the colli- 
mator, and the angle of incidence z formed is measured and 
kept in the formula. 

The fourth method is the one of minimum deviation, which 
can be shown to take place when the angle of incidence is 
equal to half the angle of deviation ; in this case the wave- 
length can be found from the equation — 

7iX = 2 I sin - 
2 

The fifth method consists in clamping the collimator and 
telescope at some known angle with each other, and then 
rotating the grating. The equation 71X = ^{sin / -f sm(<l> - i) f 
can be written in the form — 


and 


6 

nX =; 2b sin- cos 
2 



therefore, if 8 be the angle through which the grating 



42 


SPECTROSCOPY 


is turned, and B the angle between the collimator and tc 
we will have— 

B 

n\ = 2b sin S cos • 

2 

The method of observation is to adjust the required lint.? ni>on 
the cross-wii:;e in the eyepiece, and then rotate the p; rating 
until the reflected image is brought upon the cross-wire. 

In his own determinations Bell used the second 
with the grating normal to the observing telescope, in tht? trust? 
of two glass transmission gratings, and the fifth with two 
reflecting gratings ruled on speculum metal. The first two 
methods are, indeed, tlie most satisfactory for tran.sniissioit 
^tings, because only one angle has to be measured, whiU* 
e fifth method was adopted for the speculum metal 
owmg to the great weight of the telescopes employed, whicrh 
were of 16-4 cnis. aperture and 2*5 metres focal length. As 
regar e gratings, they differed very considerably aiiiotigst 
themselves in the mtter of size and grating-spacc ; tlie first 
^ 30 mm long, with la.ioo lines, and the second was rthuost 
&e ^me 1^ with 8600 lines; these were ruloci on 
^^ent parts of the screw of the dividing engine- 'I'lut 

Sr ^ contained 29,000 lines, and 

40,000 spa«‘c.s. 

ofX^ir* '‘ctual readings 

s^eswere mde within one second of arc in evt^y 

final result 1. m ^<^optct;l as a 

measuStte Jr A extremely snmll. 'rhe 

with the seennri orders respectively, Svlvilf, 

other Imes had to gruting.s 

thefixedtelescopes. With^^g^®, 

table of waveliX ‘ Rowland's 

dete^ti*n'ofSiS'*“* 

grating-spaces in each grating, and herein 
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lay the most fruitful source of errors. The actual determination 
of this length was made by comparison with standards of 
length, which were themselves compared with the international 
standards with the greatest possible care. It was, however, 
not found possible to simply measure the length of the ruled 
space, and divide this by the number of lines ruled, in order 
to determine the grating-space, owing to the inevitable in- 
accuracies which occur to a more or less extent in every 
grating. Bell points out in his paper that the grating-space 
is never regular throughout the whole extent of the ruled 
surface, and the variations may be classed as regular and 
irregular. In the first class are put those which are periodic 
or linear, which produce respectively “ghosts” — that is to 
say, false images, and differences in focus on opposite sides 
of the normal. These are not so serious as the variations of 
the second class, which include the displacement, omission, 
or exaggeration of a line or lines, and more especially a more 
or less sudden change in the grating-space, producing a section 
of the grating having a grating-space peculiar to itself. Bell 
describes the testing of a grating in the following words : — 
“Place a rather bad grating on the spectrometer, and, setting 
the cross-hairs carefully on a prominent line, gradually cover 
the grating witli a bit of paper, slowly moving it along from 
end to end. In very few cases will the line stay upon tlie 
cross-hairs. A typical succession of changes in the spectrum 
is as follows Perhaps no change is observed until two-thirds 
of the grating has been covered. Then a faint shading appears 
on one side of the line, grows stronger as more and more of 
the grating is covered, and finally is terminated by a faint lino. 
Then this line grows stronger till the original line appears 
double, and finally disappears, leaving the displaced line due 
to the abnonnal grating-space.” Although the above is per- 
haps exceptional, still minute displacements can be seen even 
with very good gratings. It becomes necessary, therefore, 
always to examine the grating for the existence and position 
of any abnormal portion, an investigation which is somewhat 
simplified by the fact that for tlie most part abnormal spacing 
occurs at the end of the ruled surface, generally at the end 
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where the ruling was begun, because the dividing engine after 
^rting requires some time to settle down to a uniform state 
Bell recommends the calibration of the entire grating— that 
IS to say, the direct measurement of n grating-spaces tnVe n 
successively along the whole of the ruled surface; he carried 
out this process for all of the four gratings, and found in each 
some abnormal portion. The values obtained from these 
observations were combined in each case, and corrections 
applied to the wave-length as first obtained; evidently these 
at the best only be approximate, for on the one hand a 
ininute examination of a grating spectroscopically is impossible 
since a small section of ruled surface does not give measurable 
spectra, and on the other hand, while the calibration values 
are v^ a<»uTate, it is impossible to decide exactly how any 
variations in the grating-space are integrated in the spectrum 
measured. 


A further possible source of error lay in the temperature 
of the gratmg, on which of course depends the value of the 
gratmg^pace. This could easily enough be corrected for 
when the temperature was known, since the coefficients of 
elusion have been very accurately determined. The deter- 
mmation of the teinperature with the metal gratings was easily 
inade owing to their bemg such good conductors of heat; in 
the case of glass gratings, on the other hand, great care had 

““i? temperature constant, 

bea^e, though glass has such a small coefficient of expansion, 

^ conductor, it may give rise to serious 
errora due to strainmg and bending from unequal heating. 

The corrected results which Bell obtained with the four 
gratings were as follows : — 


Grating I., wave-length D, . . . 5896*18 

” Tn' 5896-23 

” Vv ” » • • • 5896-15 

” » » ... 5896-17 

» V- 90 vaetto. These numbers were, how- 

ver, subjected to a further correction, and were finally given 
- S89 S-«o m and sSjrs. » »»»., white E 
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as corrected by Thal6i was 5895-81. Important determina- 
tions have also been made of . this constant by Miiller and 
Kempf, Peirce, and Kurlbaum. Muller and Kempf made use 
of four gratings ruled on glass by Wanschaflf, and obtained 
the following somewhat widely differing values at 15° C. : — 

\ 

Grating-space, 2151 5896*46 

» » Sooi 5896*14 

}} 8001 5896*33 

» » 8001 5895*97 

The mean of these is 5896*22, which becomes 5896*25 at 
20°. The value Peirce obtained withl Rutherfurd's gratings 
was 5^9^*279 which, as a result of the calibration of his grating 
by Bell, was reduced to 5896*20. 

Kurlbaum, in his investigation, employed two gratings, one 
by Rutherfurd and the other by Rowland, the first having 
29,521 lines in a space of 43*4 mm,, and the other 23,701 in 
41*7 mm. The length of the ruled spaces in these gratings 
rendered the measurement of the grating-space a matter of 
considerable difficulty, owing to their not being a definite 
fraction of a metre. The values he obtained were 5895*84 
and 5895*96 respectively, and the mean of these is equal to 
5^95*9® units. These determinations Rowland combined 
together, weighting them according to the value of the result 
as follows ; — 


WeiisUt. 


Obsyrver, 


I>l 


1 

2 
2 


5 

10 


Angstrom, as corrected by Thaleu . 

MUllcr and Kempf 

Kurlbaum 

Peirce 

Bell 


58y5'«« 

5896-35 

5895't)0 

5896*20 

5896*20 


Mean 


5896* 1 56 


This final value Rowland adopted as the standard of his 
wave-length determinations, and hence it is the standard 
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appmtus'“®“‘ measurements with prism or grating 

practical wave-length determination in the 
present day, except m special cases, are always based on the 

s S S TT®‘ ^ satisfactory method 

to photo^aph the two spectra one against the other on 

obtain^^h miknown wave-lengths are 

^J^i^mple mterpolation between the lines of the 
d^ spectrum. The solar spectrum, with Rowland’s values, 
3.? T a standard, or some other spectrum, the 

wave-lengths of whose lines have been determmed with 
sufficient accuracy in terms of the solar standard. In cases 
where great accuracy is required, care must be taken only to 
emptoy a standard which may be depended upon. 
sa^acto^ rs the spectrum of the electric am TrS 

of iSich ^ ““i’" of imes, the prbcipal ones 

of which have been measured with extreme accuracy by Kayser 

bS“ be remem- 

ES ‘ Mor r 

mmbv method, succeeded in deter- 

herf^ • V * '^uapier lA., and cannot be dealt with 

.s ’r?c:rxsr 

* Dnide’s AnnaUn, S. 195 (1900). 
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Red line i metre = 1553163-5 x a /. a = 6438-4722 tenth metres 

Oreen „ „ = 1900249-7 x A a = 5085-8240 „ „ 

Blue „ „ = 2083372-1 X A A = 4799*9107 „ 

Unfortunately these values are considerably below those 

obtained from Rowland’s tables, which are A. = 6438-680, X = 
S086-00T, and X = 4800-097 respectively. Recently, ’ also, 
Fabry a,nd Perot have measured a number of lines in the spectra 
of certain metals and of the sun by interference methods, directly 
comparing them with Michelson’s values for the cadmium lines. 
It was then found that the difference between the wave-lengths 
measured by interference methods and those on Rowland’s 
map was not proportional to the wave-length. Clearly, there- 
fore, either Rowland’s relative values or the interference values; 
are wrong. The discrepancy has only just recently beem 
explained by Kayser, who proves conclusively that the co- 
incidence between the orders of spectra with gratings is not 
to be depended upon; for this and some other reasons he 
shows that Rowland’s values are by no means good enough 
for our present needs— the error in them is far greater than 
the experimental error in accurate work at the present tim e . 
For this reason we are at the present time of writing without 
a complete and trustworthy standard of reference. Fabry and 
Perot s measurements may be, perhaps, numerous enough in 
the visible region, but these do not extend into the ultra- 
violet, and as we cannot depend on the coincidence between 
the orders of spectra, it is necessary that a number of standards 
be determined in this region by the interference method. ^ 

* See Chapter 1 X. 



CHAPTER III 
THE SLIT, PRISMS, AND LENSES 

ti®e the slit is 

other ^ two metal jaws, one of which is fixed while the 

EachofSes^jawsTStedlnirtw? Adjusted. 

Tr.of«i A. ntted mto two parallel grooves cut in a 



The two jaws are shown at A anri p o«»i j.u 

Ae mdS feme^‘®T£7aw A?s* fi7ed\*" 

caus TO me screw E ; this screw works in the blodr V 

IS screwed to the slit frame Thenmr , “ . 
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of great advantage that the screw E be cut with a definite pitch, 
either a millimetre or half-millimetre, and that the head of the 
screw K be graduated, in order that the width of the slit open- 
ing may be determined. The spring H should be stiff enough 
to eliminate all tendency to backlash on the part of the micro- 
meter screw E. 

Usually a flat metal plate is screwed to the back of the slit 
frame, and a central hole is cut in this to admit the passage of 
the light from the slit j this hole is denoted by the dotted circle 
in the front elevation diagram in Fig. i6. This design of slit 
with an oblong frame is adapted for large apertures ; very often 
in smaller apparatus the slit frame is made circular instead of 
oblong, but in other respects the design is the same. The 
round form of frame is convenient for fitting with a cover, which 
usually consists of a short piece of brass tubing with an end 
piece containing a glass window. Such a slit cover is useful 
when working with flame spectra or any source of light which 
is inclined to bespatter the slit It must be noted, however, in 
connection with this round slit frame that much less bearing 
surface is available for the slit jaws than in the case of the 
design in Fig. i6. 

An improvement on the above form of slit with one jaw 
fixed is to have both jaws movable and actuated by the same 
screw. In this design, when any alteration is made in the size 
of the opening both sides are made to move equally, and thas 
the centre of the aperture is not displaced. It therefore becomes 
possible, for example, in comparing the spectra of a bright and 
a faint source, to use a wider slit in the case of die latter, 
because the centres of the lines are not displaced as they would 
be in the case of a slit having one jaw fixed. 

A diagram of a slit with two movable jaws is given in front 
elevation in Fig. 17. A and B are the two jaws which art! 
fitted into parallel grooves exactly as in Fig. 16, and the motions 
of both of them are controlled by a micrometer screw. The 
parts of this screw which pass through the blocks F and (i are 
screwed with a right- and left-handed thread respectively of 
eq^l pitch; tlie block F is fixed to the jaw B, while the block 
G is fixed to the frame C, which in its turn is screwed to the 
T. V. c. ,, 
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jaw A. No thread is cut on the screw where it passes tlirough 
the block D, but a good sliding fit is made and the collars 
H, H prevent any forward or backward motion. It follows 
then that when the micrometer screw is turned both jaws are 
moved at equal rates and in opposite directions. 

The frame C is made of the shape shown in order not to 
obstruct the passage of the light to the slit. 

The edges of the jaws of a slit must always be bevelled, as 
IS shown in Fig. i8, with the bevelled edges inside, away from 
the source of light. The reasons for this are twofold— first, 
because it is very much easier in this way to obtain edges which 
are true, and second, because if the edges were not bevelled 

but cut square a certain 
quantity of light would 
be reflected off these 
edges tending to produce 
fuzziness in the spectrum 
lines. 

It is essential, of 
course, for any accurate 
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Fig. 17. 




Fig, 18. 


wora mat tne sides of 
the slit opening be per- 
fectly true and parallel, 
as otherwise the diameter 


f ^“8*- 1“ addition to the 

fact that the edges of the jaws must be cut true and square, 
1 IS also necessary that the jaws move smoothly in their 

reason that the long sht frame shown in Figs. 16 and 17 is to be 
pre erred over ^y other design ; a great length of bearing surface 
IS given to the jaws which minimises the chance of any side play. 
_ A new sht should always be tested for parallelism • this i 

sS oJHt at some 

somce of hght, and then slowly closing the aperture by turning 

tl^B ^^ometer screw until it just disappears. If proS 

bJtTone^e^rT" ? entirely aSig its whole 
onilrfi, “ evidently wedg^shaped 

p mg, the jaws are out of alignment. The readjiting of a 
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bad slit is an extremely delicate and difficult operation, and 
should only be undertaken by an expert. It must be remem- 
bered that the bevelled edges of the jaws are extremely tender 
and very easily damaged. Great care should be taken never 
to close a slit tightly, or it may be ruined ; then again, in clean- 
ing the edges from dust it is best to use a fine splinter of some 
dry soft wood such as lancewood, and insert it carefully 
between the jaws, moving it up and down several times. 

As regards the best material for the slit, brass is generally 
used for the framework and often for the jaws, but in this latter 
case it is not to be recommended, because it so easily corrodes. 
The b^t substance for the jaws is the patent white alloy called 
platinoid, which is very tough, takes a very high polish, and does 
not corrode. A very ingenious suggestion came from Crookes 
in the way of quartz jaws.i These jaws are cut in the same 
way as the metal ones {vide Fig. 18), and, therefore, the edges 
form prisms which refract away all the light which falls on them, 
30 that their transparency or semi-transparency offers no objec- 
tion. They have the advantage of being able to be worked to 
1 finer edge l^n the metal jaws, and thus are capable of giving 
better definition. It is preferable that these jaws should be 
fitted in grooves outside the jaws of air ordinary slit, as de- 
scribed above, and that they should be so adjusted as to press 
igainst the metal jaws ; in this way the quartz jaws move with 
the metal ones simply by friction. The reason for this method 
rf mounting them lies in the fact that the fine edges of quartz 
ire so fragile ; there is then little danger of the edges being 
iamaged if by any chance the slit is closed too far. 

The dimensions of a slit for any spectroscope are, of course, 
rntirely governed by the size and quality of the lenses and 
rrisms with which it is to be associated; generally speaking 
he following lengths of aperture may be taken as a basis— with 
5-inch lenses a i to i^inch slit may be used, with 2-inch 
enses a finch slit, with if inch lenses finch, and with i-in(;li 
ibout f-inch, all being clear aperture; the jaws of a slit are 
{enerally made rather wider than the actual aperture is intended 
:o be, and then a diaphragm is placed behind to stop down the 
* C/iem, News, 71 . 175 (1895). 
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aperture to that required. For the dimensions of the whole slit 
mountmg the following may be taken as typical of a slit made 
for accurate work — 

The slit frame, 95 X 55 mm. 

The slit jaws, 48 x 40 mm. 

Clear aperture, 30 mm. 

Three draw slides (see Fig. 19), each 10 mm. wide. 
Micrometer screw for adjusting movable jaw has a pitch of 
0-5 mm. 

A great convenience 
may be added to a slit 
for use with prism ap- 
paratus in the shape of 
draw slides fitted on the 
front of the slit so as 
to divide it into sections 
and obtain several aper- 
tures. The great advan- 
tage of this arrangement, which is due to Lockyer, in work on 
the comparison of spectra is obvious. Fig. 19 is a diagram 
of a slit fitted with three such slides— A, B, and C. These 
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.r ,1' " ^ frame ; 

each of the slides ran move quite independently of the others, 

so that as m^y different spectra can be photographed upon 
one plate as there are slides. ^ 

In mountii^ a slit it is best to fit it to a brass tube having 

f°<=^ssing, as is shown in 
S'fl micrometer screw, and B 

s a flange which is fitted and screwed to the back of A; into 
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this flange B is screwed a short length of brass tubing which 
slips into a second piece of tubing D, and is provided with 
the rack-and-pinion arrangement E. 

The Frism. — The simple theory of the refraction of light 
by a prism has already been given in the introduction for the 
case of a single ray ; the same relations discussed for that case 
of course hold good when the prism refracts a beam of light, 
for the beam may be considered as a bundle of rays, each of 
which is separately refracted. Evidently therefore the simplest 
and most satisfactory condition is that the beam consist of a 
number of parallel rays which are all equally refracted. This 
condition is generally sought after in prism spectroscopes, and 
was introduced by Fraunhofer, who 
was the first to make use of the 
collimating lens; this lens, as the 
name suggests, collects the rays 
coming through the slit and throws 
them as a parallel beam on to the 
prism face. If the beam of light 
passing into the prism is very con- 
vergent or divergent, considerable 
disturbances, arising from aberra- 
tion, tend to appear which militate 
against good definition in the spec- Fm. 21. 

trum obtained. 

The angle contained between the two refracting faces of a 
prism or the refracting angle, as it is called, which determines 
to a great extent the amount of deviation produced in the path 
of a beam of light in its passage through the prism, may be 
measured as follows. In Fig. 21 ABC represents any prism of 
which the angle at A is the refracting angle. Let DA mark 
the direction of a beam of light which falls on the prism ; part 
of this beam will be reflected from the face AB along paths 
parallel to AE, and payt will be reflected from the face AC 
along paths parallel to AF. Now, if BA and CA be produced 
to H and I respectively, by the laws of reflection tl\e angles 
HAD and BAE will be equal to one another, as also will .be 
the angles I AD and CAF ; it follows therefore that the angle 
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lAH is equal to the sum of the angles BAE and CAP. But 
the angles lAH and BAG are equal to one another, therefore 
the angle BAG is equal to the sum of the angles BAE and 

CAF. The whole angle EAF is thus equal to twice the ancle 
BAG. , 

In order, therefore, to determine the angle BAG it is only 
necess^ to measure the angle between the rays reflected 
from the two refracting faces of the prism, when a beam of 
hght falls on them as in the diagram, and half the angle found 
wiU be the refracting angle BAG. The measurement is carried 
out quite simply with the help of a spectrometer {vide p. nr) • 
the prism is placed on the instrument with the angle which it is 
reqmred to measure pointing towards the collimator, care being 
t^en that the prism is placed over the centre of the graduated 
circle. The telescope is then turned until the cross-wires in the 
eyepiece are exactly adjusted upon the image of the slit as 
rrfected from one face of the prism; the position of the 
telescope is then read upon the divided circle. The telescope 
IS then turned and adjusted upon the reflected image from tlie 
other face of the prism, and if the prism be correctly placed 
no c^ge of focus of the telescope will be needed. The 
position IS again read, and the difference between the two 
^gs gives the angle through which the telescope has been 
turned, half of which angle is the angle required- 

determining the index of refraction with a 
p sm IS due to Fraunhofer, who showed that it can be found 

ae ej^tbn-® ^ minimum deviation from 

D 


wh«e A is the rrfracting angle of the prism and D the angle 

■hepnm. L« TS a.d US be dm™ ia 
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faces AB and AC, and let OP and RQ be produced, when D 
will be the angle of deviation. 

It therefore follows that the angles a and b and the angles 
/and g are equal to one another. 

In the quadrilateral APSQ the angles APS and AQS are 
both right angles, and therefore the angles A and c are 
together equal to two right angles. 

Again, in the triangle PQS the three angles b, and c 
are together equal to two right angles, 
therefore A + ^= a + b + c 

and, A. = a + b] 

but since a = b 

therefore a - b — 

2 

Now, in the triangle VPQ the three angles <?,/ and^ are 
together equal to two right ^ 

angles, and therefore, since the /\ 

two angles c and D are together / V 

equal to two right angles, 

^+/ + ^ = <?+D 
and / + .f=D; 

but f^g bZ I Ac “ 

therefore / = ^ Fig. 22. 

Again, the angle i is equal to the angle VPS, that is, the 
sum of the angles /and 
therefore / = « — 

and since /== « 


and since 


therefore 


A + D 


Now, by Snell’s law, //. = j and therefore, by substi- 
tuting the values found for i and a — 

. A+D 


2 
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This equation is of great value, because the index of refrac- 
tion can be found from the refractmg angle and the minimum 
angle of deviation, both of which can readily be determined. 
The method of determining the refracting angle of the prism' 
has been given above, and the angle of deviation is equally 
CMily obl^ed. The slit of the spectrometer is illuminated 
with the light the index of refraction for which it is required to 
deterge, and the cross-wfres of the eyepiece of the telescope 
are then adjusted on the image of the slit obtained by direct 
vision without the intervention of the prism. After the 
position of the telescope has been read the prism is set in 

place and the cross-wires of the 
D F fyepiece set upon the refracted 

\ /iX / image; care must, of course, be 

/ \ i minimum deviation, this being 

X j/ \ ^ done by turning the prism 
round first, in one direction and 
*3- then ^ in the other until the 

j . , position is found at which the 

demtion IS tiie least possible. The difference between the two 
readings is the angle of deviation required. 


The above equation, = 


. A + D 
sin - — 

2 


, vidll be treated more 


resolving power. 

on the feet, alreadv Doint(.^i *f Jiiis useful prism is based 
cannot pass out ^ ® of iiglft 

angle whose sL is eoual to ^ ® 

AB is sm. ..rf ““ T “ *0 «"'f“0 

>l» »8l. rf indtoce on tho “ 
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of the light will be totally reflected and pass out through the 
face AC, where agam there will be no refraction owing to 
normal incidence. This prism is generally made with the 
angle BAC a right angle, and the two base angles equal to 45° 
since in this way the least amount of light is lost in its passage j 
when the whole of the face AB is illuminated at normal 
incidence, it is evident that the whole of the light cannot be 
totally reflected unless the angle BAC is made equal to a right 
angle. In this case, therefore, the angle DEA is 45° and 
therefore 45° must he greater than the critical angle of the 
substance employed ; 

we thus have sin 4*;° = 

whence fi sr i‘4i4. 

It follows from this that a right-angled totally reflecting 
prism must be made of some substance whose index of refrac- 
tion is greater than 1-414. All glasses, however, have indices 
well above this. 

This prism is , used in spectroscopy for purposes of the 
visual comparison of spectra in small instruments ; for accurate 
work, however, recourse should be had to photographic 
methods, using the draw-slides over the slit shown in Pig 19, 
or some similar device. The prism is made to cover one-half 
of the slit, and by its means light from a side source is 
reflected in through the slit, while the light from another 
source is directed straight in through the other half of the slit. 
In this way two spectra may readily be compared. 

The total reflection prism is also used in the construction 
of compound prisms, and trains of prisms as are sometimes 
made use of in modern spectroscopes. A very ingenious 
example of the former, which has recently been introduced by 
Hilger, is shown in Fig. 24. 

THs prism consists of two 30'’ prisms set against the faces 
Df a right-angled totally reflecting prism, and has the property 
3f always giving the same deviation, 90*^, when set at minimum, 
vl^teyer be the index of refraction. The construction of the 
)rism is as follows : — ABC is the first prism, of which the angles 
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• 1 ^ equilateral 

nght-angled prism, so that the angles CDA and CAD are each 

equ^ to 45 , while the last prism BDE is similar to the first, 
^\ang the following angles— DBE 30°, BED 60°, and BDE oo“. 
It tons follows that the two prisms ABC and BDE are each 
naif an ordinary 6o° prism. 

When a ray of light enters the prism ABC at minimum 
deviation, making an angle of incidence i at the surface AB, 
It travels through the prism parallel to the base BC, and enters 
ttie prism ACD at normal incidence, and in consequence suffers 
no refracuon. The ra,y is then totally reflected at the surface 
AD, and enters the prism BDE at normal incidence, travelling 


^ - 

and finally emerges from 

\ n making an 

\ angle e with the normal. 

/ \ \ Since the light traverses 

/ \ \ prisms at 

/\ \ \ minimum deviation, it 

' ^ follows that the angles i 

and ^ must be equal to 
one another, and also, 
since the two refracting 
viAiUj. 1 faces AB and BE are at 

aiglei to one another, that the paths of the incident and 
^ent a,. ^ he at nght angle, h, one anoto ThT 

MS s rMM 


^ See also 


P- 117. 
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in such a way that the four vertical faces enclose four angles 
equal to 90°, 75°, 135° and 60° respectively. 

A spectroscope such as the one just described, in which the 
collimator and telescope are fixed and the difierent portions of 
the spectrum examined by rotation of the prism, is known as a 
fixed-arm spectroscope. Very many designs of this type of 
instrument have been made, some of which will be described 
in the next chapter j some of these are multiple transmission 
instruments in which the beam of light from the collimator is 
caused to traverse the same refracting prism a great number of 
times, finaUy escaping into the telescope. One of these instru- 
ments, designed by Cassie,^ may be described as a type. It 
consists of a 30° prism and a right-angled 
prism cemented together so that the right- 
angled edge of. the latter is perpendicular 
to the refracting angle of the 30° prism, as g 
is shown in Fig. 25. 

ABCDEF is the 30° prism with the 
right-angled prism AFCBGH cemented 
against it, though in practice the whole 
may be cut in one piece. AB is the re- H 
Acting edge of the 30° prism, and GH 
is the right-angled edge of the reflecting 
prism. When the rays pass through this 
piism at minimum deviation, they fall on 
the face ABDE, are refracted and travel parallel to the base 
CD, and on reaching the back are totally reflected and emerge 
again, parallel to their original path. The prism is used in 
conjunction with two right-angled prisms, as is shown in 
elevation and plan in Fig. 26. 

The rays from the collimator pass between the two right- 
angled prisms A and B, as is shown in the elevation, and 
following the arrows enter the compound prism; they are 
refracted, and then reflected back and again refracted, as is 
shown by the arrows in the plan. The rays travel back along 
a path parallel to the original path and enter the prism A, 
and thence by reflection into B, and thence back towards the 

‘ Cassie, Phil, Mag, (6), 3. 449 (1902). See also p. 118. 
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compound prism C. They thus follow the arrows, going back- 
wards and forwards until finally they pass under the prism C into 
the telescope. It will be readily seen that this is a fixed-arm 
spectroscope, with the collimator at a higher level than the 
telescope. In order to investigate tlie various portions of the 
spectrum it is only necessary to turn the prism C round on a 
vertical axis, whereby the different regions can be brought 
into view. 

The 30° prism used in the above compound prisms is 
generally called a half prism, because its shape is that of a 




60® prism, cut into two equal portions. This half prism is a 
very useful instrument, and has been employed for various 
purposes in different spectroscopes. In certain cases, such as 
multiple transmission instruments of the fixed-arm type, one 
face of the half prism is silvered, namely, the face AC in Fig. 27, 
When a ray of light enters such a prism at minimum deviation, 
it -falls at normal incidence upon the silvered surface, and is 
therefore reflected back upon its own path. By the use of two 
such half prisms Cassie has designed a multiple transmission 
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instrument.* Xhollon ® made use of a pair of these half prisms 
in the following way — the two prisms are set with their long 
faces towards one another, as is shown in Fig. 28, with the 
path of a ray of light S3niimetrically through them. One prism, 
ABC, is fixed so that the face AB is perpendicular to the 
axis of the collimator, and the .other DEF so that the face DF 
is perpendicular to the axis of the telescope ; DEF is fixed to 
the arm carrying the telescope, so that 
when the telescope is moved the half prism 
moves with it. The axis of rotation of the 
telescope therefore passes through the point 
Gj it can be readily seen from Fig. 28 
that as the telescope is moved round the 
axis G, different parts of the spectrum will 
come into view, and further, that at all 
positions of the telescope the ray passing 




Fig. 28. 


along its axis will have passed through the prisms at minimum 
deviation. This device was used by Mouton in his work on 
the indices of refraction of quartz for the infra-red rays.’* 

An important property of the half prism can be seen on 
reference to Fig. 29, which shows a half prism refracting a 
beam of light. The diameter of the beam a is very much less 
than the diameter of the beam b ; the half prism therefore can 
be used in a prism train to diminish or increase the diameter 
of a beam of light. In this way the full aperture may be 

* Phil, Ma^., 3. 449 (1902). 

‘ Comptes rmdus, 86 . 595 (1878). 

® See p. 228. 
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employed of prisms which are larger than the aperture of the 
collimating and telescope lenses ; for example, 6o° prisms, with 
an aperture equal to b in Fig. 29, can be used with lenses which 
have only an aperture equal to a. Two half prisms are em- 
ployed, one at each end of the prism train, and in each case 
the longest faces are turned outwards; in this way, as Rayleigh 
has shown, greater resolving power can be obtained than would 
otherwise be possible with a given aperture.^ 

Christie has also made 
use of the half prism in a 
direct-vision spectroscope.'** 
Dispersion.— If a com- 
parison be made between 
the values of the indices of 
refraction for the same 
rays of light possessed by 
different substances, it will 
at once be noticed that the 
no means the same. For 
example, in the case of a flint-glass and carbon bisulphide the 
values for the four rays C, D, F, and H are as follows 


Line. 

1 Wave-length. : 

[ 1 

CSa 

Flint glass. 

C 

6563 

I'6i8 

1*624 

D 

5893 

1*628 

1*628 

F 

4861 

1*652 

1*641 

H 1 

3969 

1*689 

1-674 


Thus the ratio between the indices of carbon bisulphide and 
the glass is for the D line i*ooo, for the F line it is i’oo7, and 
for the H line I’ois. It is evident therefore that, if we had 
two prisms of exactly the same size, one of carbon bisulphide 
and the other of flint glass, the deviation suffered by the D line 
would be the same in each case, but that the F line would be 
more, and the H line still more deviated by the carbon 

* See p. 76. 

® Proe. Roy. Soc., 26 . 8 (1877). 



Fig. 29. 

ratios between the indices are by 
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bisulphide than by the flint-glass prism. We thus see that a 
change in the wave-length produces a greater change in the 
deviation in the one case than in the other, or, as it is usually 
dB 

expressed, the value of is greater for a carbon bisulphide 

dB 

prism than for the glass prism. The term ^j| or the ratio of 

the change in the deviation to the change in 4 he wave-length, 
is called the dispersion. As a result of the fact that the value 

of ^ varies with different substances, it is possible to construct 

compound prisms for direct vision, and also achromatic lenses. 
In the first case the prism is so constructed that one ray passes 
through it undeviated, while the others do not, so that a 

A B 



spectrum is still produced ; in the second case the converse is 
true, all the rays are brought to the same focus without destroy- 
ing the deviation. This second case will be treated under the 
subject of lenses. 

It is quite evident that, if two prisms A and B be taken of 
the same size and material, and be placed in reversed positions, 
as in Fig. 30, a ray of light on passing through A will be 
deviated to a certain extent, and on passing through B will he 
deviated to exactly the same amount in the opposite sense, so 
that the joint effect of A and B will produce no change in the 

dB 

direction of the ray. If, however, the value of be different 

for A and B, then all the rays will not pass through undeviated. 
For example, let A and B be prisms of carbon bisulphide and 
flint glass as given above, then clearly a ray of wave-length 
5893 will pass through undeviated, but every other ray will 
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be deviated to a small extent; light of wave-length 3969 will 
be more deviated in the first prism than in the second, and 
light of wave-length 6563 will be less deviated in A than in B. 
The result will be that on looking directly through the com. 
bination at a source of light a spectrum will be obtained ; such 
a combination is called a direct-vision prism. 

In practice it is not convenient to use a carbon bisulphide 
prism, on account of the difficulty attendant upon the use of 
hollow prisms filled with liquid, so that two different glasses 
must be employed whose dispersive powers are very different. 
When however this is the case, the indices for one ray are not 
the same as they are for the D line in the case of carbon 
bisulphide and glass ; this difficulty is readily surmounted by 
using prisms with different refracting angles. This was first 



Fro. 31. 


done by Amid in i860, who used flint and crown glass, inter- 
posmg a flmt-glass prism between two crown-glass prisms, as is 
shown in Fig. 31, with the path of the undeviated ray: five 
P™’ IS, two of flint and three of crown glass, are also 
often ^ed. UsuaUythe centre prism (P' in Fig. 31) of flint 
glass B now made with a very large refracting angle. This 
direcf^vision combination is especially useful in small pocket 
specftoscop^; and in these cases a triple combination is 
umUy used, the centre one being made of very dense flint 
The pnsms are cemented together with Canada balsam; this 
js both a convenience in construction in order to make them 
mto a smgle piew of apparatus and also a necessity, as other- 
vns(j in those with mde angles, no light will pass through, owing 

W being greater 

than the critical value, so that total reflection would occur. 
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l_he Canada balsam, as it has a higher refractive index than 
air, removes this difficult}'. 

It will be readily understood that the dispersion is a 

iunction of the dispersing apparatus; that is to say, for example, 
m prismatic spectroscopes it depends both upon the number 
and the refracting angles of the prisms employed, and also upon 
the nature of the medium out of which the prisms are made. 

In order, therefore, to calculate the value of for a prism or 

prisms, it is necessary to take account of both these factors. 
In all cMes of refraction the deviation produced depends upon 
and vanes with the index of refraction, and, further, the index 
of refraction varies with the wave-length of the light, so we may 
therefore put — ^ 

de _U 8 /* 

dX~?>fL'lk (i) 

where expresses the rate of change in the deviation with 

change in the index, and ^ expresses the rate of change in the 

index with change in the wave-length. The factor depends, 

therefore, only upon the angle of incidence and the^refracling 

angle of the prisms, while ^ is .solely a function of the medium 

employed for the prisms. Both these ratios may readily be 
found. 

It has been shown (p. 55) that for a prism at minimum 
deviation — 


. K + e 

sin • 

2 



where A is the refracting angle of the prism and 6 the 
deviation. Now, by differentiation we find that— 

T. p. c. 


1 ^' 
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&e 

S/M ' 


2 Sin “ 


cos 


A + e’ 


But, usbg the same notation as in Fig. 22, p. 55, 


A - 4 - ^ 

~~ = i = angle of incidence, 


therefore 

but 

therefore 


8(9 

S/M ' 


. A 
2 sin - 
2 

cos i 


2 sin- 


2 


V T — sin^ i 

. . . A 

sm i = /I Sin a /M sin 


SO 

S/M 


2 sin 


\/ 1 — sin® ^ 
8(9 . 


(2) 


which gives us the value of in terms of the prism angle 

and the index of refraction. 

somewhat simplified, as sin 30° = i 
and therefore in this particular case — 

8(9 I 

• • • • (3) 


S/M 




An example may be given to make this clear 
8 ^ * 

The value of may be calculated for a 60“ prism with an 
index of refraction of 1*5 ; 

we have here, therefore, a 
S/j. 




and 


so 

S/M 


.= I’5I2, 
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P '^Pon either side 

of I 5 the corresponding change m the deviation is i-jia times 
^ large, prodded the prism be set at minimum ll^Zn 

f-^orS ^ from 1-500 to 

I Sor, then the value of 86 would be equal to 0 001 x rcia 

“ circular measure, Ind 

can be found from tables to be ic" in j 

if two rays of light passed through the prism, and Tf^the 
indices of refraction of the prism material were 1-500 and rsor 
respectively, the difference in deviation suffered by the So 
rays would be 5' rj". that is to say. this would beU Jde 
between the two mys after passing through the prism. 

strict f 3 ) are only 

strictly true y^hen the pnsm is set in the position of minimum 

deviation, smd. therefore, perfectly accurate results can only be 

obtained when ^e indices of refraction of the rays in quesdon 

In practice, however, .the equation can be used over large 
limits inthout any great error intervening, and it is then asefbl 
m designing a spectrograph for the determination of the angu ar 

tte spectnim on a photographic plate. In order to obtafa the 

he Tndicef th7r ^ between 

M J it ' f If the two rays 

/*,+ * respectively, then the. mean is 

— j - , which let us call /t,„ and we have therefore— 


A6 

Af,’ 


2 sm 


'S/ 1 — /Mj 




/“si sm-* 


but A/i now equals fi, — ju.j, 


therefore 


A6 = (fi, - ^)j 


2 sin 


A 


a/ r - 


\ 


fi = sin“ 


,A 
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This equation is, of course, the more accurate the smaller is 
IM ~ btit the error only amounts to a few minutes 'when A 6 
is as large as 9°. 

Thus far the case of one prism only has been considered ; 

80 

it can, however, he proved that is sitnply proportional to 

the number of prisms, provided they be all of the same size 
and material. So that if n is the number of prisms we 
have — 


Ad = ^ 


. A 
2 sin — 
2 


\/ 1 - 


I- . (4) 


Sin* 


and for 6o° prisms = 


For the evaluation of the ratio we can make use of Hart- 
mann’s simple interpolation formula.^ The relation between 
X and fL C 3 Ln be found from the equations — 


(5) 


^ ^ + (X - Xo)'* 

and X = X„-f ‘ ‘ 

where c, are constants; a has the value for glass of 

about 1*2. On putting rt' = i we obtain the approximate 
equations — 


and 


X = + - 

p — m 


• ( 6 ) 


In the latter case we may use the deviation in place of u and 
write — 


^ Astrophys, /oiimal^ 8 , 218 (1898). 
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in which case the formula can be used for the interpolation of 
wave-lengths in a photographed spectrum, if those of certain 
lines are known. Hartmann has tested this formula and finds 
that very good results can he obtained. 

By differentiation we obtain the ratio — 

S/t _ _ c 

8 A. (7) 

the negative sign simply meaning that a small increase in the 
value of A. produces a decrease in the value of /i. The equation 

shows that can at once be found if we know c and A,, which 

are c^racteristic constants of the dispersing medium. They 
can be calculated quite easily if the indices of refraction of 
three rays are known. As an example, we may bike the case 

0 a glass (0-167 of Schott and Genossen, Jena) for which the 
indices are — 

= 1-6076 for A' line A = 7-677 x 10 “ cm. 

= 1-6169 for D line A = 5-893 x 10 » cm. 

P — i ‘6393 for O' line A = 4-341 x 10 ' cm. 

These values give us three equations, from which the following 
values of the constants are found — 

H = 1-58882, A,, = 2-2906 X 10-', and f = 0-10113 x 10 
hrom these constants the values of the indices for other rays 
may be calculated; for example, for the C and F lines 

^ ^ ^ ** -^> == 4’862 X 10 ■”®) the indices arc 

alculated from equation (6) to be 1-6125 and 1-6282. 
The values given by Schott and Genossen are 1-6121 and 

1 2 9 ) file errors are thus -f- 0-02 and — 0-04 per cent, 
respectively. This formula does not give such good results 
1 e extreme rays used for calculating the constants arc 
very far removed from one another in the .spectrum; if, for 
example, one ray is chosen in the e.xtreme ultra-violet. This, 
of course, is only to be expected with a simple interpolation 
formula, and further, it must lie remembered that we have 
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omitted the constant power « from the denominator. It will 
be found, however, that by calculation of the constants for each 

tSt waMfr obtained; in actual practice this is all 

‘be spectrum 

A Si 1 °"® T rarely from the 

A iine to the extreme ultra-violet 

“ possible to calculate the 
ratio £ for any substance for light of any wave-length. We 
have found already that— 

8 ^^ _ r 

8^ (A. - Ao)’* (8) 

and as an example let us calculate | in the immediate neigh- 
bourhood of the F line for the glass dealt with above. We 
see, therefore, that— 

^=s o’lori X lo '® 

8A (4*862 X 10“' -'a-api "x 10^“/ 

= - 1529*5, 

which means that, in the neighbourhood of the F line, a small 
c^h^ge in X produces a change in which is 1529*5 timras 

Similarly £ may be calculated for any medium with a very 
close degree of approxi mat i o n. 

We have seen that 


-^i 

S/X 


. A 
2 sin -- 
2 


\/ 1- 


/i“ sin® - 


“ ““ a = I X « -e .0* in . «. 

S'S"fte Stibstaice. M „ sample let 

uasZtt? ® ® ^bies of sodium after 

glass fS W densest Jena flint' 

g'ass (S 57); for this glass = 1.8824. r = 0*27148 x 10 * ”, 
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and X,, = 2-5095 X 10 - It is first of all necessary to calculate 
the value of ^in the neighbourhood of the D lines ; this for 
the single 60° prism is equal to — 


_ ^ _ r ^ I® ■ 

L(S ‘893 X 10 — 2-5095" X 10“')“ 


/ _ (1:9626)“ L(S‘893 X iV-” - 2-5095 

^ 4 

where 1-9626 is the value of /ij, given for this glass. 
dS 

We have, therefore 5-192 x [- 2371-4] 


== “ I23I2’9. 

Now, the difference in wave-length {d\) between the two D lines 
within a sufficient approximation for the present purpose is 
o-oo6 X 10 ' cm. ; multiplying this by the dispersion, we find 
the angle between the two rays to be 

0-0007387 radians, or 2' 32" very nearly. 

In a similar way we can find the dispersion for any substance 
with a very close degree of approximation ; for convenience, 
in the tables giving the various materials for prisms on page 
89, the values of the constants of Hartmann’s interpolation 
formula are given. Attention may again be drawn to the 
fact that, when more than one prism is employed of the same 
inaterial, the dispersion is simply proportional to the number 
of the prisms. 

The value of for a prism train can be expressed in 

another way, and one that is more convenient for certain 
purposes. 

By differentiation of the formula — 



2 



we see that 
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then, by using the same symbols as upon page 5 5- 


and therefore 


80 _ 2 jin a _ 

V cos i "" ' 

8^ 2 

^ tan ^ : 

d/i fj, > 


86 

which gives the ratio -j- as a function of the angle of incidence 
on the first prism face, 

JUother equation which gives /i as a function of \ is the 
well-known one proposed by Cauchy— 

/^ = A + J-h. . . 

where A, B, C, etc., are characteristic constants of the medium. 
M^sS— " however, approximate, yet the simple 

/*- A-f.- 

will give results sufficiently near for many purposes. For 
example, by differentiation we see that 

zB 

8X "■ XP'> 

and therefore it can be seen that the raiio ^ • i 

w lurtt me ratio ^ is mversely pro- 
portional to the cube of the wave-length. 

Althou^ the name dispersion has been given to ratio 
i. the above, the e^e „a„e Is ^e„ apphed ,o each t'f 
the partial ratios and g. 

fo- or a i.,.Te^.‘r'L“TSce^rL“S 
hr the^aS-”" '™”' ■haaimum is defined 
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^ _ 

where a is the linear aperture of the lens, and /its focal length, 
and m is a constant varying from ro for rectangular to 1-2 for 
circular apertures. From this equation we find that — 

J _ mX 

7 *” 

y being the angular distance between the principal maximum 

and the first minimum of the diffraction rings surrounding the 
mam image. Arguing from this, Rayleigh concludes that, in 
the case of two rays, if we wish to see them separated or 
"resolved,” the least possible angle that can be allowed 

between them is equal to^ If, therefore, we express the angle 

between the two rays by de, we then see that the minimum 
condition for resolution is given by — 




mX 


(9) 


where A. is considered as the mean wave-length of the pair. 
W e may now investigate how the necessary condition for reso- 
lution of two lines can be obtained by means of prisms. As 

Rayleigh pointed out, the ratio for a prism is given by the 
equation — 


— S2 

a 


where Sj and are the thicknesses of the prism material whicli 
are traversed by the two extreme rays of the beam. In a 
properly constructed spectroscope in which the beam of light 
from the collimator just completely fills the prism, is zero, 
and j] equals the thickness of the prism base /; 


therefore 




(10) 


This may readily be .seen to be true from Fig. 32, in whi< h 
KB = a and BC = /. 
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Now, 

again, 

and 

therefore 


EB = AB cos i = ABv'i - sin** i 

BF = AB sin ^ 


t = 2BF = 2AB sin 
. A 

y 2 sm ~ 

^ — 2 




Fig. 32. 


this, however, is the value of g from Fraunhofer’s equation.- 


and thus 


^ iri 
Ofl 

8/4 a 


equations (9) and (10) it follows that, for the 
mmimum condition of resolution, omitting the constant m— 


'“S/i • (11) 

or in words-in order that two lines may be seen separated in 
a pnsm spectroscope, it is necessary that the total thickness of 

^ See equation {2) above. 
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the base of the prism or prisms be equal to the quotient of the 
wave-length by the difference in the indices of the two lines. 
As an example of the application of this the necessary value of 
t for a given resolution may be calculated, and the two D lines 
of sodium may be chosen ; further, the glass 857 dealt with 
on page 70 may be taken, and the thickness of a prism of this 
glass calculated which is necessary to just resolve the D lines. 

For this glass it was found that ^ 2371 ’4, 

therefore 8/i = 2371*4 X 0*006 x io~“, 

assuming the wave-lengths of the two D lines to be 5896 and 
5890 Angstrom units respectively ; 

therefore = 14-23 x 10 

Then, from equation (ii) / = ^-^21 

14-23 

= 0*414 cms. 

In order, therefore, to see the D lines resolved it is necessary, 
in the case of the glass No. S 57, to use a prism whose base is 
at least 0-414 cm. long. Equation (11) 
shows very clearly that the amount of 
resolution obtained with a prism depends 
entirely upon the size of the base; the 
angle of refraction has no influence, 
and it follows that all the possible 
prisms constructed upon the same base 
as in Fig. 33 give equal resolution. 

When a direct-vision prism system 
is employed, t in equation (ii) must be 
replaced by t, — where t, and are 
the total thicknesses of the bases of the crown- and flint-glass 
prisms respectively. 

The necessary conditions for resolution may be differently 
and rather more conveniently expressed ; by equations (9) and 
(10) above, omitting the constant m — 

a a 
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- being the minimum allowable value of the two first quantities. 
Multiplying through by ~ we obtain— 

_ -V _ k 

Ok % dk (12) 

where again ^ is the minimum allowable value. Now 

or the ratio between the mean wave-length of a pair of li^s 

b ? a spectroscope, and the difference 

ength between the two components, is called the 

SSlC^ ^ instrument thS 

S! f “lyes the D hues is said to have a resolving power of 
9 7* mithng &e constant m, therefore, which is not far from 
^ity, equation (12) shows that the resolving power is equal to 

W* a pvea dispmioi,, tharfae, the resolTing powsTvaries 
d^j .. the epenare of the aptmatea Tl* i. SSy 
g»e»l, »d „ tm, fo, an diepettieg Oeioa gMhtge LdTS 

The resolving power is usually denoted by the letter 

StfiS “ before, refers to the condition of an 

is to “finitely narrow spectrum lines, that 

these conditioTK!^ ^ 1, P®^ntly homogeneous; neither of 

practical ^oZn ‘b®^''fo^« fon 

toLSi^r ^ amount from the 

cZ^r X. spe<=troscopes wiU be dealt with in 

We have already seen that the ratio | varies inversely as 

for SZZis“n^®"“'~ r“ fo^best dimensions 

dispSZ aL th ? fo ^<=“nnt of the 

P d the losses of light by reflection and absorption 
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respectively. This has been done by Pickering,^ who gave 
tables showing the comparative efficiency of different forms of 
prisms made from glasses whose indices are 1-5, r6 and 17 
respectively. The dispersion in these cases may be considered 
, . 8 ^ . 

as the ratio which has already been shown to l)e ecjiial to 


. A 
2 sin — 

g 2 

or - tan t at the 


position of minimum 


deviation. 

Loss by Reflection. — It must be remembered that the 
light refracted by the surface of a medium is partially polarised, 
^d therefore in dealing with the amount which is reflected it 
is necessary to apply the laws for the reflection of polarised 
light. Fresnel has shown ^ that in the case of light polarised 
at right angles to the plane of incidence, if the intensity of the 
incident ray be put equal to r, the intensity of the reflected 

light is equal to where i and r are the angles of 

incidence and refraction; this we may call X. Similarly in 
the case of light polarised in the plane of incidence the intensity 

of the reflected light is equal to ~ which we may call 

Y. The amount transmitted, tlierefore, in each case is equal to 
1 - X and I - Y. If we regard ordinary light as composed 
of two beams of equal intensity polarised at right angles to one 


another, then the amount reflected will be ^ ^ and the 

22’ 

amount transmitted will be i[(i - X) + (r - Y)|. On 
meeting a second surface the amount transmitted will be 
i[(i - X)- + (I - Yn and in general for m surfa(;es 
i[(i - X)"* 4 - (1 - Y)’"]. This- formula Pickering applies to 
a spectroscope in which the prisms are all set at miniimim 
deviation. 


‘ P/tH. Mag. {4), 36 . 39 (1868). 

* Fresnel, CEmres, tom. i. pp. 441 -470. 
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These formula of Fresnel’s, when f = r = o“, that is to sav 
incidence, can both be simplified to the fonJI 

(i«. +~i) ’ is of importance in determining the loss by 
reflection at the surfaces of lenses, 

thrt!^r*'°“' passes 
through a medium a certain amount is absorbed : if I denote 

emergent 

or transmitted beam, we then have ° 


log(j) = - 


where ^ is a constant depending on the nature of the medium 
^d * IS the thickness of the medium. If, then, the intensity 

P^t ®«l“al to I, it follows that the 
oganthm of the amount absorbed is proportional to the 
thi^ess of the medium traversed by the beam. 

fflass taver'iH°^ thickness of 

gte traversed; this is equal to half the base multiplied by 

e number of prisms which we may put equal to N. Half tlie 

. A 

a sin 


base of a prism is, however, equal to 


- where a 

V .i - sin®^ 


heS^l ?ii*® fi*® aperture at minimum deviation • 

hence it follows that with an incident beam of intensitv - i 

loganthm of the amount absorbed will be proportion^ to-' 


«. N,' 


. A 

sm — 
2 


\/ 1 -/x*sin®~ 

But it has already been shown that the dispersion is pro- 


portional to N 


. A 
sm - 
2 


\ 


A- 


sin® ~ 


and therefore the logarithm 
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of the amount of light absorbed is proportional to the product 

of the aperture and the dispersion This is an important 

result, for it means that in spectroscopes of equal dispersion, 
possessing prisms of the same material, the absorption is' the 
same in all ; in other words, it makes no difference to the absorp- 
tion whether a large number of prisms with small refracting 
angles or a smaller number with large angles be used, provided 

both trains have the same and be of the same material. 

The question of absorption, therefore, does not enter into the 
question of the best dimensions for prisms. 

Pickering has calculated the angles of deviation, the dis- 
persion and the amount of light transmitted by prisms of 
different angles for the three indices 1-5, i*6, and 17. His 
results are given in the following tables. The deviation is, of 
course, = 2/ — A. 


Taule I.— 45'^ Prisms. 




X 

, prism. 

2 

, prisms. 

1 

.5 

pnsms. 

1 ' 

.4 

pnsms. 

.5 

pnsms. 

Deviation 

I ‘5 
1*6 
17 

25 ^=' 4' 
30” 30' 
36*^ 10' 

50° 8' 
61*^0' 
72^ 20' 

75 ® 12' 

9 i° 30 ' 

108" 30' 

100° 16' 
122° 0' 
144^40' 

125° 20' 
15^"" 30' 
180'" so' 

Dispersion 

U 

17 

0*935 

0*968 

1*008 

1-870 

1- 936 

2- 016 

2*804 

2*904 

3*023 

3739 

3- 872 

4- 031 

4*674 

4*840 

5*039 

Proportion 

transmitted 

U 

0*916 

0*892 

0-859 

0-841 

0-799 

0745 

0*774 

0*719 

0-653 

0-724 

0-651 

0-578 

0*661 

0*592 

0*516 

. 


. 


_ 




TO 

prisms. 


250*^40 
305" o' 
361'’ 40' 


9-34« 

9*b8o 

10078 


0*461 

0*391 

0*324 



SPECTROSCOPy 
Tablc II.~6o'' Prisms. 



1 . 

1 

prism. ; prisms. 

1 

.3 

prisms. 

.+ ' 5 

prisms. , prisms. 

1 prisms. 

Deviation 

r-i 

1*7 

37 '" 10' 
46*^16' 
56^^26' 

74" 20' 
92° 32' 
1 12® 52' 

in'" 30' 
138^48' 

169° 24' 

I 4 S'" 40 ' 
185° 4' 
225=44' 

185'' 50' 
231'' 20' 

252 '" 10' 

1 

37 1"* 40' 
462'" 40' 
564'" 20' 

Diversion 

1*6 

1*7 

1‘512 

1*667 

1*899 

3*023 

3*334 

3*797 

4*535 

5*000 

5*696 

6*046 

6*667 

7*594 

rsss 

8 - 334 

9- 493 

15*116 

16*668 

18*986 

Proportion 

transmitted 

U 

1*7 

0-895 

o|S 3 

O'Soi 

o*8ii 
0*748 
0-68 1 

0*742 

0*672 

0*608 

0*686 

0*618 

0-565 

0*641 

0-578 

0-538 

0-509 

0-491 

0-505 


Tahle nr.-AN'oLES OF Prisms 64", and 60 ’' $ 6 '. 




PrLsm 

angle. 

I 

prism. 

2 

prisms. 

3 

prisms. 

.4 

pnsms. 

.5 

pnsms. 

10 

prisms. 

Deviation 

1*5 

1*6 

1*7 

67° 22' 
64^0' 
60° 56' 

45“ 16' 
52° 0' 
58=8' 

90'=' 32' 
104^0' 

1 16*^ 16' 

I 35 " 48 ' 

156^0' 

174 '" 24' 

181'=' 4' 
208'^ 0' 
232'' 32' 

226'" 20' 
260'" 0' 
290^" 40' 

452'" 40' 

520*^0' 
580'" 20' 

Dispersion 

*:5 

1*6 

n 

67'=' 22' 

64°o' 

6o'"56' 


4 

6 

8 

10 

20 

Proportion 

transmitted 

1*5 

1*6 

1*7 

67^22' 
64° 0' 
60° 56' 

0*863 

0*818 

0*780 

0*763 

0*702 

0*657 

0*691 

0*629 

0*588 

0639 

0*582 

0*549 

o*6oo 

0*552 

0*523 

0*520 

0*505 

0*501 

— L 






diffe^LT"^ compaiative values of the 

Afferent angles can readily be obtamed. ForexaniDle three 
ains 0 10 prisms, each with angles of 45“ 60° and 64° all 
being with index i-6, may be chosen. ^ ’ 
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J. 


Deviation. 


Dispersion. 


LiKhttraiisinittud. 


10 prisms of 45® 

it a 60° 

it n 64° 


305° o' I 9-680 
462° 40' 16-668 

520° o' 20-000 


0-3911 

0-4912 

0-5050 


Again comparing trains giving equal deviation — 



1 Deviation. 

Dispersion. 

Light transmitteil. 

12 prisms of 45° 

366^0' 1 

ii-6i6 

0‘33<) 

^ it 60® 

370-^ 8' 

^3*334 

' 0'S32 

7 >1 )} 64^ 

364" 0' ; 

14-000 

0*521 


These examples show the superiority of the 60"^ prism over 
the 4S° prism. 

In order to compare the relative values of prisms of difflTont 
angles, it is preferable to compare together prisms of equal 
resolving power, as one can then judge more readily their relativt! 
merits. If the resolving power be kept constant, biit the re- 
tracting angle be changed, then the following quantities will 
vary, the volume of the prism, the length of refracting face, tlu' 
aperture, the angle of incidence, the loss of light, and the dis- 


IJersion ; the dispersion here being the value of the ratio 

Wadswortli ^ has calculated these quantities for different rofract- 
ing angles, the length of base being kept constant, sinc(‘ all 
prisms of the same glass, with equal base.s, have the .same re- 
solving power ; this has been done for different values of llu* 
index of refraction, namely, i-8, 1-7, r6, and 1-5. He first 
of all gives the values of the volume and of the length of 
the refracting face of prisms of unit ba.se, which are as 
follows: — 


o 


X. X. c. 


Astropkys . Jount ,^ 264 (1895). 
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Refracting 

an^e 


I 


30° 

K 

40“ 

45 “ 

K 

5*0 

60“ 


[ Length of 
refracting 
face. 

Volume of 
prism. 

! 

1 Refracting length of 

angle . refracting 
= A. face. 

1 

Volume of 
prism. 

1 * 93 ® 

1*663 

1*462 

1*307 

1*183 

1*082 

1*000 

i 

0*933 

0*793 

0*687 

0*604 

0*536 

0*480 

0*433 

MO ' 

™ ; 0*894 

: K 1 o*8sS 

75 “ . ' 0*822 

, 77-5° 1 0*799 

80° ; 0*788 

82*5'' 1 0*758 

0*400 

0*371 

0*344 

0*326 

0*312 

0*298 

0*285 


In the four following tables are given the values of the 
angle of inc^Mce, the aperture, loss of light by reflection, and 

dispersion for prisms of unit base for the indices 1-5, i-6, 
17, and r-8 : — 


Angles A. 

! 

Angle of 
inddeoce. 

Aperture. 

Loss of light. 

1 )ispersion. 

30° 

K 

40° 

50° 

60° 

64° 

68 ° 

72° 

75 ° 

77 * 5 ° 

80° 

82*5° 

22° 51' 

26° 49' 

30° 52' 

35 ° 2' 

39° 20' 

4^° 35 

52° 3? 

57° 

61° 51' 

65° 57 * 5 ' 
69° 52' 

8i° 30' 

1*780 

1*484 

i ’255 

1*070 

0*915 

0*782 

o* 66 i 

0*572 

0*487 

0*401 

o '335 

0*275 

0*206 

0*112 

0*0793 

0*0801 

0*0815 

0*0837 

0*0883 

0*0953 

0*1047 

0*1188 

0*1412 

0 -I 79 S 

0*2280 

0*2938 

0*4093 

0*6686 

0*5618 

0*6738 

0*7970 

0*9348 

1*093 

1*278 

1*512 

1*747 

2*054 

2*492 

2*988 

3 ' 6i6 

4 ‘ 8 o 6 

8*922 


Wadswo^ has put these values on to curves, and from an 
mspecbon of these or the above tables the best value of the 

If the reduchon of the angular dispersion be of primary 
unportance. th^ it is preferable to use prisms of refmSS 
angles not much exceeding 65“ for materials of low refmctive 
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M = 1*6. 


- — 

Angle = A. 

^Anzle of 
iDcidence. 

Apertxire. 

Loss of light. 

Dispersion. 

30® 

K 

40® 

45 ° 

50° 

60® 

64° 

68® 

72® 

75 ° 

24" 28' 
28 " 4 s;s' 
33 11 

37 “ 45 ' 

42“ 33 

47 “ 33 
S 3 “" 

57 “ 59 ' 

63" 28' 

70® 12' 

76° 5 s' 

1758 

1*458 

1*223 

1*033 

0*873 

0*731 

o*6oo 

0*500 

0*399 

0*288 

o*i86 

0*0993 

o*io6o 

0*1083 

0*1 I 16 
0*1151 
0*1274 
0*1473 
0-1735 
0*2213 
0*3222 
0*4976 

0*569 

0*686 

0*817 

0*968 

1*145 

1*368 

1*667 

1*999 

2- 504 

3- 470 

5-378 






/x= 1*7. 




Angles: A. | 

i 

^Angle of 
incidence. 

Aperture. 

_ 1 

Loss of light. 

Dispersion. 

K ! 

40" ! 

45 *' ! 

SO" 

1 ^" 

64” 

68" 

1 

26" 6' 

3 o" 44 -s' 
35 “ 33 ' 

40° 35 ' 

45 “ 55 ; 5 ' 

S «°43 

58 “ 13' 

64® 16' 

71“ 55 ' 

88" 28' 

1735 

1*429 

1*189 

0*992 

0*760 

0*671 

0*527 

0*410 

0*277 

0*228 

0*1214 

0*1292 

0*1358 

0*1416 

0*1494 i 

0*1665 ' 

0*1991 
0*2517 
0*3731 

0*9772 

0- 5764 
0*6998 
0*8408 

I *008 

1- 315 

1*491 

1- 899 

2- 441 

3*608 

4*394 




M = i*8. 

Angle = A. 

Aiijgle of 
incidence. 

Aperture. 

1 lioss of light. 

1 

Dispersion. 

30° 

35 “ 

K 

K 

K 

27® 46' 
32=46 

38® 0' 

43“ 32' 

49“ 3X-5' 

56'' 13' 

1*709 

1*398 

1*152 

0*900 

0*768 

0*602 

0-1585 

0*1605 

0*1643 

0*1711 

0-1834 

0*2100 

0*5850 

0*7152 

o*868o 

I III 

1*302 

1*661 

64“ 

66" 

1 

04'' 10 

72® 32' 

78® 38' 

1 

0*436 

0*283 

0*181 

0*2700 

0*3971 

0-5675 

2*294 

3-532 

5-528 
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index, or 55° for those of high mdex, since beyond this point 
any small increase in angle greatly increases the dispersion 
without decreasing the volume. On the other hand, there is 
no great gain in reduction of dispersion, and almost none in 
reduction of loss by reflection, by decreasing the angle below 
6o . In the case of a prism for which /t = 1-5, the latter loss 
IS only diminished by about 2-5 per cent, by decreasing the 
angle from 60 to 30°, while the aperture and dimensions of 
the spectroscope are increased nearly three times. 

If the condition of small dispersion is of less consequence, 
then It IS readily seen that the refracting angle may be increased 
with decided advantage until it reaches the limit imposed by 
the diminution of the brightness of the image. When there is 
plenty of hght we may even use angles as large as 80°, in which 
case the tel«copes and other parts of the spectroscope are less 
than onMhird as large as for an angle of 60°, and less than 
one^ghth those required for a 30° prism. It must, however, 

difficult to mke than those of small, because of the fact that 
mcrea,sed distortion is produced in the spectrum by imperfec- 
hons in the refracting faces. Very much greater care must be 

token m the gnnding and polishing of the faces, a fact whidi 
increases the cost. 

ravJf ^ P"?'” should entirely accept the beam of 

r/ti,: ? ~“™sting lens, it is necessary that the length 
the refracpng faces should be longer than their height. The 

f of the 

lens, this has been shown on p. 74 to be equal to the length 

of the face x \/ j fP sin® j when in the position of 

mmimum deviation; for_ 60° prisms the height equals the 
length of face x ‘\/ j ^ 

4 


Thus the length of face = - 


or 

V. v'.-';' 


for 60^ prisms. 
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of therefore, the following lengths for prisms 


/i = I'S length = height X i'5i 

/i = 1-6 length = height x 1-67 

= i'7 length = height x I’Sg 

= I’S length = height X 2'2g. 


The Curvature of Spectrum Lines as produced by Prisms 
—It will always be found that the spectrum lines as seen in a 
prism spectroscope are curved, with the convex sides turned 
towards the red end of the spectrum. This is due to the fact 
that only the rays from the centre of the slit pass through a 
principal plane of the prism; by a principal plane is meant a 
plane perpendicular to the plane of the refracting edge of the 
prism All cases of refraction through a prism have hitherto 
been dalt with on the assumption that the rays pass through 
a pnncipal plane. It can be proved that in order that the 
deviation be a minimum, it is necessary that two conditions be- 
satisfi^, first, that the rays pass through a principal plane, and 
second, that the angles of incidence and emergence be equal 
ns as already been stated. The collimator lens is only able 
to render parallel the rays it receives from the centre of the 
sht, and therefore these rays only traverse principal planes of 
the prism ; the rays from the other portions of the slit thus do 
not traverse a principal plane, and therefore suffer a greater 
amount of deviation, an amount which increases the further 
from the centre of the .slit the rays start The lines are, there- 
fore, curved when seen with an eyepiece or received on a 

photo^aphic plate, their ends being lieiit towards the violet 
end of the spectrum. 

Materials for Prisms.-The media usually employed for 
prisms are as fo lows :-carbon bisulphide, glass, quartz, Icelnn.l 
par, fluonte, .sylvin, and rock-salt Of these, glass is, of course, 
the most common, owing to its cheapness and also great variety 
m Its di.spereive power. Carbon bisulphide has a very high 
dispersive power, but is very inconvenient, owing to its being a 
liquid; quartz, spar, and fluorite are used on account of ihc‘ir 
great transparency to the ultra-violet rays, though at the prcsc-nl 
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tome fluonte is very rare. Rock-salt and sylvin are useful 
for feeir trampairacy to the infra-red portion of the spectrum. 

Carbon bmlphide, when used, must, of course, be enclosed 
m a hoUow pnsm which must be kept well closed on account 
of the ^eat volatility of the liquid. The hollow prism may be 
made in vanous ways; usually a glass prism is moulLd. 
approximately with an angle of 60“, and with a hollow core, as 
is shown in Fig. 34. The faces are then carefully worked to 
the 60° angle, and plane-parallel plates of 
glass are cemented on, best with a mix- 
/— -N hire of glue and treacle. A hole, of 

/ O \ ‘^■^ed in the top of the 

/ \ pnsm for the admksion of the liquid; this 

/- * stopper accurately ground to fit 

^ A it, which is cemented in after the prism 

Fig. 34. h^ been filled. The use of a carbon 

„„ . , bisulphide prism is not to be recom- 

ended, on account of the disturbances which are inclined to 

The iSe^Gf” f ® ^ temperature changes. 

Ihe mdex of refraction changes rapidly with temperature; the 

value of J Ues between 0-00076 for 7600 and o'ooogi 

J 4000, so that very considerable distortions tend to 
be Reduced, owing to convection currents in the liquid 

(Kettele^)^-!" “ the following table 


Temperature. 

A = 7605. 

A = 6563. 

^=5893. 

A = 4861. 

A = 434t. 

A- = 3960. 

— 20° 

- 10° 

0° 

+ 10° 
20° 
30° 
40° 1 

A 

I 63946 
1*63183 
1*62429 
1*61676 
1*60919 
1*60146 
1*59359 

c 

1-64952 

1-64174 

1-63405 

1-62638 

1*61865 

1*61078 

1*60277 

Q 

1-65950 

1-65158 

i ’64375 

i‘ 63S93 

1*62806 

1*62004 

1*61187 

1*68585 

1*67752 

1*66929 

1*66107 

1*65281 

1*64437 

1*63581 

G' 

1*70984 

170114 

1*69252 

1-68393 

1-67528 

1*66646 

1-65752 

H 

1*73617 

172702 

1*71798 

1*70896 

1*69988 

1*69063 

1*68125 


The dispersive power may be estimated by the differences 

W%ar. 36 , 662 (1888). 
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m the values of /t for the different rays, which are as follows 
at a temperature of 10° : — 

Complete dispersion. Partial dispersion. 

A to H. A to C. C to O. D to F. F to O'. tF to H. 

o-ogaao 0-00962 0-00955 0-02514 0-02286 0-02503 

Rubens * has measured the indices of carbon bisulphide for 
the infra-red rays, with the following results 


A in To~'’ 
metres. 

■ 

A in 10 ““ 
metres. 


0-777 
t)-823 
0-873 i 

<>•931 1 

0- 999 

1- 073 

1*6104 
1*6077 
1*6049 ! 

1*6025 
i*6ooo 1 

1*5978 1 

1-164 
1-270 
i 1-396 
*•552 1 

>•745 1 

1-998 

1-5960 

1-5940 

i-S9*3 

1-5905 

1-5888 

1-5872 


see", on comparison of these values with those of 
other substance.s, that the dispersive power of carbon bisulphide 
is relatively very high. 

A still greater dispersive power is possessed by monobromo- 
naphthalene, which has the advantage over carbon bisulphide 

in having a smaller value of that is to say, the change of ^ 
with tempemture is less. 

Ihe indices of refraction for this liquid are as follows 
(Simon *) ; — 


^-7680. ^ = 6563 ^ = 5893. A — 5^50, A=486 i. A = 

1-62961 1-64366 1-65762 1-66796 1-68142 i-;( 


Complete (lispursiun. 
^ = 7680 to ^ =3 36x0. 

O’ 13966 


’68142 
Fartin.1 dispersion. 


; 4341. A = 3610. 
■70371 1-76927 


^ = 7680 to C’. C t<> D. J ) to V. F. to G'. 0' lo A = 36i<, 

0*01405 0*01396 o’0238o 0-02229 0*06556 


^ Ann .^ 46 , 238 (1892), 


® Ibid., 68. 542 (1894). 
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is /n *e total dispersion 

fi,= ^ monobromonapthalene, 50 per cent larser 

ttan that of caAoo bioulphide, ba tho pa«Ll .Lpomons f4m 

D 10 F «.d F to G' ae less, The vdoe of J = o-oo.4S 

less tha, i„ the ease of carbon 

Generally speaking, glass is the best material to us#> for 
it be dalred n, ”« 

extreme mfra-red. The advantage of glass lies in it« 
ch^pness. and also its toughness; and. further, h il nol 
mad^in very many varieties, which differ greatly in dispersive 

•S.te-eT^-’r.b-or l-SirS 

numbers followed by tte dScri^tion'of SrglSsy-'^li^fJe 

.» « diSv brin L“" r ““ 

called di.pe,sior.ld* is ,£ a?“ ‘i- 

the indices of the two ravs- for “ the values of 

contains the value of « ^ ’ f ti’e fourth column 

dispersion of a glass is given by the expression .where 
is the medium dispersion (u. . \ ~ ^ 

dispersion, and finally we have devalues of the partial 

under each value of the nartiaf S^'^ty; the numbers 

bohteo. «,e psrhd dispersion aJnSr’d.’^S™ 

‘ fYied. Ann., 42 . 4,1 (,gg,j 
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of •’ define at once the 

‘”'r ^ 

e Chosen from a great number in Schott and Genossen’s Ust 
show ve^ clearly ^hat great differences can be ZuSd 

letters A , c, D, F, and G' are the followmg .— 

A the potassium red line . X — ■ a *■■ 

C the hydrogen red line ‘ ‘ ^ Angstrom umts 

D the middle of the two sodium lines X » 5893 ” 

F the hydrogen bright blue line . X = ;862 ” 

G the hydrogen blue line . . . X = Lat 

4341 )) ,, 

columns contain the values of the constants « JL 

and C „ Hettnutna’s tomda (see pp. 68, A x^) 
shuS!^” •>“ 'aftaaiaa Wices for certain 


Glass No, S 163. 


^ in to •' • 
metres. 


0740 

0790 

0*846 

0*912 

0*978 

1*085 

1*185 

1*316 

1*481 

1*692 


vS6g6 

1-8660 

l-86i6 

i-fS79 

1-8542 

>■8515 

1-8483 

1*8446 

1*8418 

1-8381 

1-8337 

1-8281 


Glass No. o'4si. 


^ in jo“ ‘ 
metres. 


0*778 

0*830 

0*890 

0*958 

1*038 

1*132 

1*246 

1*382 

1-556 

I *780 
2*076 

2*490 


1-5665 

1-5652 

1-5638 

1-5623 

1-5608 

1-SS94 

1-5580 

1-5561 

1-5540 

1-5514 

1-5477 

1-5430 


Gliuii No. 0-1151. 


Xin 10- *' 
metre.s. 


0-798 

0-851 

0-912 

0- 982 

1- 063 
I- 160 

1-275 

1-415 

1-593 

1- 820 

2 - 120 


1-5132 

1-5121 

1-5110 

1-5098 

1-5087 

1-5075 

1-5060 

1-5045 

1-5025 

1-4985 

1-4953 


In the foUowmg table are given the values of ^ for certain 

glasses measured byPulfnch.* at the various regions specified. 

•«^«/.^««..45.238(t892). ‘/3fV..«.609(r892). 
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Number 
of glass. 


S57 

0.544 

0*527 

0*225 


Mean 

temper- 

ature. 

C. 


F. 

i 

O'. 

Relative change 
in dkpemoii 

= — Ip-X 100 

58 * 8 ° 

55 * 1 ° 

58*3° 

58-1^ 

1*204 

0*244 

— o*oo8 

— 0*202 

1*447 
0*281 
+ 0*014 
— o* 190 

2'09 
0-389 
o*o8o 
- o*i68 

2'8io 

0-503 

0-137 

1 —0-142 

0*0166 

0*0083 

0*0079 

0*0049 


M'he numbers in the <'.olumns headed C, D, F, arid Cl' 
represent the chanps expressed in units in the fifth place of 
decimals of the indices for C. at the position of the spectrum 
lines C, 1), 1, and G'. In the last column the relative change 

in dispension is given, which is equal to X 100, where 

Quite recently the firm of Schott and Genossen have . 
succeeded^ in making glasses which are transparent to a| 
great portion of the ultra-violet. The glass can be made/ 
by a new process, which transmits 50 per cent, of the inci-' 
dent light at A.= 2880 A.U. through i mm. thickness. The 
indices and dispersion of two such glasses are given in the 
table ^ — 


'I'yiw. 

1 

i 

i 

'■ 

1 Dispersion 1 Partial dispersion. 

1 ^ j A' to D. ; D to F. j K to <!'. 

U.V. 3 i<jy 
U.V . 3492 

Crown 

Flint 

i'503S 

''•5329 

! 

0*00781 0*00514 

0*00696 j 0*00612 

0*00546 1 0*00432 
o*oo68o 1 0*00552 


In the following table are given the values of the absorptive 
powers of certain glas.ses ; '** the value.s given are the percentage 

^ E. Zschimnier, Dentsch, Phys, Cese//,, 6 . 18-19, 3^2 (1903). 

* Pfluger, P/iys, Zeifschr., 4 . 429 (1903). 
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amounts absorbed by i cm. of the 
regions of the spectrum. 


glasses at the specified 


Wave-length. 


Borosilicate crown 0*2281 (144) . 
Calcium silicate crown 0*3309 (60) 
Densest baryta crown 0*3192 (1209) 
Telescope flint 0*3053 (2001) , 
Light barium flint 0*2717 (^2) ! 

.9*3*31 (578) 

Urdmary silicate flint 0*3234 (103) 
Dense silicate flint 0*3096 (102) 


640 

Soo 

442 

4X5 1 

0*0 

07 

■ 

1 

1*2 ; 

0*3 

o'S 

1-4 

1*8 

1*6 

2-5 , 

3*4 

5*2 

1 i 

07 

3*6 

12 , 

; 1 

r6 1 


2*7 ; 

! 0*5 

0-9 ' 

2*1 ! 

2*5 

0*0 

0*0 

. 1 

4*1 i 

1 ; 

0-9 

— 

6*9 ! 


388 


2*5 

2-5 

9-S 

6*0 


47 

:V 4 

35 

49 

9 


8*6 i iS 
9*6 1 28 
28 41 


I IS necwsary, when work is to be done upon the ultra- 
violet end of the spectrum, that the prisms should be made 
of either quartz, calcite, or fluorite. These three substances 
Otter great transparency towards the rays of short wave-length 
a teansparency which is most marked in the case of fluorite 
and least m calcite. Fluorite has been found to transmit all 
the rays as far as the limit reached by Schumann, A = looo.^ 

while quartz is transparent to as far as A = 1850, and calcite to 
A = 2150. 

The dispersion of fluorite is small, as can be seen from the 
table pven below. It is hardly necessary to mention that the 
fluoiS*^ Swiss varie^ is referred to, the ordinary English 

considerable colour, ^and 
further, rarely transparent. At the present time, however it 
appears to be extremely diflicult to obtain. ’ 

HefraOive Indices of Fluorite.~ThQ following values have 
been obtained by Sarasin,® Carvallo,3 and Paschen : 

J Seepp. 254,,/j.^; 

' Compies rendiis, 87. 850 (1883). 

* ^ 5 and 116. i ,89 (1893). 

»W. Atm., 53. 812 (1894). 
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A in 10 “ 
metres, j ^ 


I A in lo I 

metres. ! 




0*1856 

0*19881 

0*20243 

o*2o6io 

0*20988 

0*214^1 

0*21931; 

0*22645 

0*23125 

0*25713 

o■^u 6 ^ 

0-32525 

0- 34015 
o' 3465S 
0*30009 
0*39681 
0*41012 
0*48607 
0*58930 
0*637 
0*65618 
0*68671 
0*700 
0*71836 
0*76040 

0*777 

0*878 
0*8840 
I 009 
1*1786 
1*187 

1- 3751 


1*50940 Sarasin 


i 1-49629 

, , 

1-49326 


1-49041 


1-48765 


I -48462 


1-48150 


1-47762 

** ir '1 

*•47517 


1-46476 

ft > 

1 •45958 

fl 

1-44987 

f f 

*•44775 

ft 1 

1-44697 

ft 

*■44535 

fi 

*■44214 

Jf 

1-44121 

ft 

*• 437*3 

Paschen 

*•43393 

: f f 

*-43292 

: Carvallo ' 

*•43257 

Sarasiu 

1*43200 

f } 

1*43192 

' Carvallo 

1*43157 

1 Sara.sin 

1*43114 

f> lj 

' 1*43096 

Carvallo ■' 

I *42996 

'1 

91 

1*42996 

Paschen 

1*42904 i 

Carvallo 

1*42799 ' 

Paschen 

1*42804 

('arvallo 

I *42696 

Paschen 


1*444 I 1*42676 
1*4733 , 1*42653 
1*5715 I 1*42607 
i* 62 o<S ! 1*42592 

1*7680 I 1*42517 

1*9153 ! 1*4243^^ 
1*9644 I 1*42412 

2*0626 1*42363 

2*1608 1*42317 

2*2100 1 1*42297 
2*3573 ! 1*42208 

2*5537 i 1*42092 
2*6519 : 1*42015 

2*7502 1*41969 

2*9466 ; 1*41823 


3*1430 

3*2413 

3*5359 

4*1250 

4*4199 

4*7147 

5*0092 

5*3039 

5*5985 

5*8932 

6*4825 

7*0718 

7*6612 

8*2505 

8*8398 

9*4291 


1*41704 

1*41608 
1*41378 
1*41121 
I *40850 

1*40559 

I *40244 

i*39()02 

1*39533 

1*39145 

1*38721 

1*37837 

1*36808 

1*35672 

1*34444 

1*33070 

I 31612* 


Carvallo 

I*aschcii 

»» 

1 ) 

n 

»» 


Ihese values can be e.vpres.sed e.xtreincly well by th<‘ 
formula (Paschen) — 

•I '*1 *> 

_ \;2 - /'A“ -- //A* 

where = 2*03888, M.j = o*oo6i66, A.j- = 0*0086959 
^ s= 0*003200, h 5= 0*0000039195. 

Quarts and calcite differ from the other materials detaih-d 
above in that they are both doubly refracting sul)stan<u\s, and 

* Tins value i.s the mean of eight observations, (wo of which dilfci 
somewhat from the rest ; the mean of the remaining si.\ is r 
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rotltionilf? ^aken of the 

rotation of the plane of polarisation. 

aaSdW to ^ if. T° is refracted 

SI hVl ? °f the other the 

upirthMS / ® depends 

double refrartin ° plienomenon. knovm as 

^ ’7 . ? discovered by Erasmus Bartholinus, 

system^hSiJ?’ t° 'the cubic 

oL^sSiw Pi'^^o^enon. The ray which 

ODejs bnells law is called the ordinary ray, and the other the 

Mnori^ ray, and donbly refiacdng substances can be 
«Se„ S r «>»» » »Uch the index of 

Si™ f„d T '*=' “ *« of *e 

to ^ it is less. Crystals belonging 

secmdito'^if ““i those belonging to^th! 
examnlai crystals. The following tobies give 

examples of both positive and negative crystals ® 

PosiTiVK Crystals. 


Quartz .... 


Mk 

Potassium sulphate . . 

. i‘S44 

1*553 

Dioptase . ! . 

Ice ... . 

1*493 

1*667 

1-502 

1-723 

Zircon ... 

1-306 

1*307 


I '92-1 -96 

1*97-2-10 


Iceland spar . 
Tourmaline 
Beryl . . . 
Apatite . . , 
Sodium nitrate 


Negative Crystals. 


^0 

i*6s8 

1*637-1-644 

i’S84“I*577 

i- 6 a 6 

1*5854 


Mk 

1-486 

i -6 i 9- i '622 

1*578-1-572 

1*642 

1*3369 


From these tobies it whl be seen that quartz crystals are 
^ Preston, T/teofy of IJght, p. 310. 
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positive, while, on the other hand, calcite is negative. The 
theory of double refraction was worked out by Huyghens and 
Fresnel, and cannot, of course, find a place here; suffice it to 
say, therefore, that since in the case of glass and isotropic 
substances the form of the wave of light is a sphere, Huyghens 
Msumed that the sphere was also the form of the wave obeying 
Snells law in a doubly refracting crystal, i.e. the ordinary ray. 
The form of the extraordinary wave he imagined to be a 
spheroid, ue. an ellipsoid of revolution, which is the simplest 
conception next to that of the sphere. 

In all doubly refracting crystals there is one, and sometimes 
two, directions along which double refraction does not take 
place, and the index of refraction of the extraordinary ray 
becornes equal to that of the ordinary ray. These directions 
are called the optic axes of the crystal; quartz and calcite are 
oth uniaxial, that is to say, there is one direction through 
these crystals along which there is no double refraction. When 
pnsms, therefore, are made out of quartz or calcite, it is neces- 
sary that they be so cut that the rays inside the prism pass along 
the optic axis of tlie crystal, because, if not, the double refrac- 
tion will cause the spectrum lines to be doubled. It has been 
pointed out (p. 9) that the path of the rays in a prism set at 
mmimum deviation is parallel to the base, and thus it follows 
that pnsms of quartz or calcite should be so cut that the optic 
axis lies in a principal plane and parallel to the base, in order 
that the rays at minimum deviation should not undergo double 
refraction. It so happens that in the case of calcite this is 
aveiy wasteful way of cutting the prism, as can be seen, by 
reference to Fig. 35, which repre- 
sents a calcite crystal. The crystal 
is a rhombohedron, bounded by 
six parallelograms, each of which 
has two angles of 78" 5', and two 
of 101" 55' ; it will be seen on 
reference to the diagram that two 
ol the corners of the crystal, and 
only two, are formed by the inter- 
section of three wide angles. The optic axis lies along the line 



I'll- 35- 
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joining ^ese two angles, and is shown by the dotted diagonal 
in the li^re. The prism must be so cut that the dotted 
diagonal lies m a principal plane and parallel to the base : this is 
a difficult operation, because the prism faces are cut at an angle 
with the lines of cleavage, and, therefore, the crystal is very 
readily spht. The finished prism must also be carefully handled, 
as It is very easily chipped. In cutting the native crystal it is 
usual to use a fine copper wire, which has been dipped in a 
mixture of emery and oil, the wire being drawn backwards and 
forwards like a saw. 

Since there is so considerable a difference between the 
mfficte of refraction for the ordinary and the extraordinary ray. 

It follows that double refraction begins to make its appearance 
when the rays, in passing through a calcite prism, make only a 
small arigle with the optic axis, and, therefore, the spectrum 
lines vnU appem sharp only for a very little angular distance 
on ea^ side of the position of minimum deviation. This 
entirely mihtates against the use of prisms of this material for 
uSrff? P*^otographing anything more than , very small 
Imute of the sp^trum at one time. The values of the indices 
of refraction as determined by Sarasin ' are as follows 




07604 

0*68671 

€>‘64393 

0*58930 

0*53793 

0*53386 

0*50861 

0*48615 

0*48001 

0*46784 

0*44159 

0*41005 


I ’64996 
i* 6 s 284 
1*65501 
1*65832 

1-6&34 

r •66274 
I -66325 
1*66779 
1*66858 
1*67023 
1-67417 
1*68022 


index. 


1*48256 

1-48387 

1-48481 

1-^639 

1-48815 

1-48843 

1 '45953 
1*49074 
1-49112 
1-49185 
1-49367 
1-49638 


A in 10 " 

Ordinary- 

metres. 

index. 

0*39681 

I *68320 

0*36118 

1*69317 

0*34670 

1*69830 

0*34037 

1*70079 

0*32858 

1 1*70716 

0*32836 

1*70764 

0*27487 

1*74158 

0*25731 

1*76055 

0*23130 

I *80260 • 

0*22651 

1*81296 

0*21947 

1*83091 

0*21445 

1*84586 


index. 


1*49771 

I *50226 
I '50448 
1*50559 
1-50857 
1-52281 

1-53039 

1-54571 

1-54940 

1-55523 

1-56003 


In the cn« of qiam the double teftectiou is not by tmv 
■ntens so « .1* oJehe; the euMotdhwj 4 

* Coniptes retidus , 95 . 680 (1882). 
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is very much weaker than the ordinary ray, and, indeed, is 
difficult to see. The objection to calcite, therefore, does 
not apply to quartz, and this substance finds great use 
in apparatus for photographing the ultra-violet end of the 
spectrum. 

There ^ is, however, a further property appertaining to 
quartz which must be taken into account, namely, the rotation 
of the plane of polarisation by a quartz crystal. All doubly 
refracting substances plane-polarise the light which they refract, 
the plane of polarisation of the extraordinary ray being per- 
pendicular to that of the ordinary ray. Quartz, however, in 
common with certain other substances, has also the power of 
rotatog the plane of polarised light which passes through it, 
and Biot has shown that the amount of rotation varies directly 
with the length of path in the crystal. When a ray of light 
entera a quartz crystal, traveUing parallel to the optic axis, it 
is split into two portions, one having the plane of polarisation 
turned to the right, and the other towards the left ; the velocity 
of these two rays is different, and therefore they are separated, 
and a doubling of the image ensues. In the case of a 60® 
pmm of qua^ cut with the optic axis parallel to the base 
the angular distance between the two rays is about 27" in 
the neighbourhood of the D lines. It has been found, how- 
ever, that there are two kinds of quartz crystals— right- and 
left-handed as they are called— the right-handed variety turn- 
ing the plane of polarisation of the less deviated ray to the 
right, and the left-handed variety turning it to the left. It is 
thus possible, since the two varieties are absolutely similar in 
their powers, to eUminate entirely the doubling effect by joining 
togeffier two equal portions of right- and left-handed crystals : 
the doubhiig effect produced in the first half is then entirely 
destroyed m the second. In the case of quartz prisms, thcrc- 
tore, each whole pnsm is made of two 30° half prisms, one of 
which IS cut from a right-handed and the other from a left- 
handed cp^stal, care, of course, being taken that the optic axis 
IS parallel to the base in each half. This method of cutting 

the prism is due to Cornu, and is shown in plan in 
Jig. 36. ^ 

T. P. C. 


H 
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^ in 10 ■-• metres. ! 


O-igSSi 

0'23I25 

0-27467 

o' 3I798 

0'3 s 8 i 8 

0-40458 

0-43409 

0-48616 

0-53496 

0-58932 

0-65633 

0- 76824 

1- l 6 o 
1-617 
1-969 


1-65070 

1-61402 

1-58750 

1-57290 

1-56400 

*•557059 

*•553869 

1-549606 

*•546633 

*•544147 

*-541807 
*•538930 
1-5329 
1-5272 
I -5216 


in 10 ■■ « metres. 


2-327 

2-59 

2- 84 

3- 03 
3-18 
3-40 
3-63 

3-80 

3- 96 

4- 09 

4- 20 

5- 0 

P 

6- 43 

7- 0 


*•5156 

1-5101 

*•5039 

*-4987 

1-4944 

1-4879 

*-4799 

1-4740 

1-4679 

I *4620 

1-4569 

1-417 

1-368 

1-274 

1-167 



Th^e values, excepting the last four, can be k 

the following equation : ^ expressed by 

/.=* = «=<+ -Ml _ _M, 

. *--v V-X. 

= 3.46,, M, = OW54. M. . 

K = 0 010627, V = 100-77. ^ 

Better results are obtained by the following (Rubens ■^) — 

= ^ + _ Mn 

«here a" • 4-5,87,, M, = 0-010654 X. 6 

I rr— -r ^ ' O 55 j — 430 

« i «/.^«»..54.476( i 895). » 60. 418 (1897). 
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Rock-salt and sylvin are used for prisms in cases when the 
extreme infra-red end of the spectrum is to be examined. Botlr 
these substances being soluble in water are very readily ^ected 
by adverse atmospheric conditions, and therefore great care 
must be taken in their use. The indices of refraction are given 
in the following tables (Rubens *) : — ° 


Rock-salt. 


A in lo ■ ■ " 
metres. 

U 

A in lo--'® 
metres. 


0*434 

0*485 

0*589 

0*656 

0*840 

1*281 

1*761 

2*35 

3*34 

4*01 

4- 65 

5- 22 

S 79 

1-5607 

>‘SS 3 i 

1-5441 

1-5404 

i'S 345 

1-5291 

1-5271 

I'S^SS 

i’S 233 

I -5216 

1-5197 

1-5180 

I •5159 

1 

6*78 

7*22 

7*59 

8*04 

8*67 

9*95' 

n*88 

13*96 

15-89 

17-87 

20-57 

22-3 

I*SI2I 

I ‘5 102 
1-5085 
1-5064 
1-5030 
1-4561 
1-4476 
1-4373 
1-4251 

1-4106 

1 - 373 S 

1-3403 


I'he following equation expresses these results 


/*■ = -I- 


Mi M., 

where = 5-1790. M, = 0-018496, V = 0-01621, 
Ma = 8977-0, X/ = 3149-3. 


Sylvin. 


A in 10 • • 

metres. 


Ain lo--* 
xneires. 


0*434 

0*486 

0*589 

0*656 

0*940 

1-584 

1-5048 

1-4981 

1-4900 

1-4868 

1-4805 

1-4761 

4*81 

5*31 

5*95 

7-08 

10*01 

14-14 

1-4705 

1-4695 

1-4882 

1-4653 

1-4561 

1 -4362 

2*23 

1-4745 

18*10 

1*4162 

3*20 

1-4727 

20*6o 

I *3882 

4*05 

1-4716 

22*5 

I '2692 


‘ mai. Ann., 84. 476 (1895); 60. 724 (1897). 
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These values are expressed by the equation — 

_ V V - A.’* 
where ^ = 4'S53i> = 0-0150, V = <>‘0234. 

Ms = 10747, V = 4 SI 7 ‘i- 

/4i\ 

The values of the temperature coefficient ^ J of tlus five 
last substances are given in the following table (Pulfrich ') : - - 


I f ^ 

I s X 

i If 

.1 

i g 

■3'Si<S|o’ol4S 
■3’SS7 o-o«43 


Hock-salt .... 58-8“ -3-749 

Syf™ ..... 59-5“ -rSsi 

Quart* ordinaiy ray . 59-60 _o-64o 

,» cxtraoidinaiy ray 59*6® —0761 
nu<^ar .... eo-s” -riao 
Calcite ordinary ray . 103® 0*071 

„ extraordinary ray 103® 1*012 


c. 

D. 

' -*3749 

-3739 ■ 

- 3 ‘ 68 i 

- 3 - 64 r ■ 

—0*649 

-0*638 • 

-0*761 

- 0*754 . 

— 1*220 

— 1*2 o6 . 

0*071 

o*o8i 

1*012 

1*020 


-0*577 

— 0*(KU 


J77 0*007(7 
KH 0*0071 


0*100 0*0137 
1*090 0*0078 


for T’n*! ^ r"® ® Changes in « 

fiftTni” *ese rays are given in units L 

te fife place of decimals. For example, the value of for 

- 0^00065, or r5'4ilo5. ^ ='-54^«07 

of. 

function of the first-named h«n telescope lens, the 

frc«n the slit, and to transmit th ° which come 

first face of the prism tain 

collect the rays leaving thp 1 f ^ of the latter is to 

to a focus. Then, furffier, there^rta.^^*^^’ 
examine visually the lays at thp f * eyepiece, wherewith to 
rays at the focus of the telescope lcn.s. 

46 . 609 (189a). 
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The focal length of a single lens may be found from the well- 
known equation — 

where/is the focal length of the lens, /x, the index of refraction 

L '■<« cunrature of 

tne first and second surfaces. 

As IS evident from this equation, the focal length differs for 
and thus a single lens must give 
rlUf -w^ ^ coloured images of different sizes 

it"® a spectrum is 

produced. The change in the focal length of a lens thus 

de^ds upon the dispersion of the material. By differentiation 
ot the above equation we have — 


and thus 

if we put 
The ratio 




dfl 


X 


'fukr s-s the relative dispersion of the 

medium, and may be arrived at in the following way. In the 
equation for a prism at minimum deviation— 

d„A+» 

/A =- ^ 


. A 
sin-- 
2 


If the angles A and 6 are very small, we may substitute their 
circular measures for their sines, since the sines of very small 
angles are proportional to the angles themselves ; therefore 

A-f- S 
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whence 0 = A(jul — i). 

By differentiation d6 = AJ/jl. 

Dividing by the previous equation — 

6 fJL i' 


By the relative dispersion, therefore, is meant ti\<‘ ratio i>f 
the difference in the deviation for two rays in the sjx'ctruin to 
the deviation of a ray taken as standard. 


The defect of a single lens, called chromatic abcrralioxi, 
was well known to NTewton, who was unable to devise a nurans 
of overcoming it in the case of telescopic object glasses, and 
furthermore said it was impossible to do so; this was because 
he was ignorant of the difference between the relative clisjier- 
sions of different materials, an ignorance probably arising from 
his not using a slit as the source of light in his experiments on 
the spectrum. For this reason Newton turned his atttjntion 
to reflecting telescopes. 


It IS possible, however, to correct the defect by using a 
double convex lens of crown-glass and a double concave of 
n% the two lenses being placed in contact to form the com- 
plete l^s. By the use in this way of two different kinds of 
glass, It IS possible to bring two different coloured rays to the 
foc^s, but this does not necessarily mean complete 
a^romatism, because the dispersions of the two glasses arc not 

throughout thespectnuii ; 

similar and therefore the remaining rays nr« not 
b^ht to exactly the same focus as the two chien 

JS ^ ^“duary spectrum which t 

J^^^econ^ spectrum. Agam. by L Z’c^ 

that their dispersions are adjusted 
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extremely small, the lenses being perfectly achromatic over a 
very large portion of the spectrum. 

In dealing with the theory of the corrections, it must be 
noted that there are two errors in an uncorrected lens, which 
are as follows : — 


First, that a series of different coloured images is formed 
along the axis of the lens. 

Second, that these images are all of different size 

Now, as has already been stated, it is possible, by means of 
two lenses m contact formed of two glasses with different relative 
dispersions, to bring two different coloured images to the same 
focus ; therefore, in this case, the second defect will vanish On 
the other hand, when the two lenses are not in contact^ both 
the above defects cannot be simultaneously corrected and it 
becomes necessary to choose which one shall be corrected. 

The condition of achromatism for two lenses in contact as 
m the case of the telescopic lens and the collimating lens, may 
first be considered. ^ 

If /and/, are the focal lengths of the two lenses respec- 
tively, then the relation between the focal length of the pair F 
is given by the well-known equation — ^ ' 



when the rays of light are considered as homogeneous. 

In order that the combination be achromatic, it is necessary 
that the change in the focal length of one lens caused by usin- 
light of another wave-length be exactly counteracted Iiy the 
chsmge in the focal length of the other lens ; under these con- 
ditions, the focal length of the comliination will be tlie same 
for the two rays. The necessary condition is evidently uiven 
by the equation— ^ 



or 


when this equation is satisfied, the combination will be 
achromatic for two rays. 
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The bj^htest portion of the spectrum to the eye is incliKlctl 
between the C and F rays, and usually, therefore, in apiaratus 
employed for visual work, the lenses are achromatised for these 
two rays. In the list of glasses made by the firm of Schott 
and Grenossen, thevalaes of v for these two rays arc givtMi, iis 
may be seen on reference to the table of selected glasses given 
on p. 89. In choosing a pair of glasses for an achromatic 
lens, it is necessary to select two which differ considerably in 
values of v, and then if the above equation of condition ho 
satisfied, a lens can be made which is perfectly achromatic for 
the two rays of the spectrum known as C and 

Strictly speaking, such a lens will not be achromatic for tho 
other rajs of the spectrum unless the dispersions of the twtj 
glasses are geometric^y similar throughout the spectrum. In 
artual fact, however, it has been found possible to make t>airs 
of glass® whidi, although they differ considerably in their 
value of V, stiU possess very simflar partial dispersions. Such 
a pair of glasses are the following — 


No. ' Description. 

S 30 fDense barium 
\ phosphate crown 





1-5760 

0-00884 

o'on29 

65-2 

50-8 




o’&45 07t>4 0*571 


/*F ~ >«c ~ ° ®‘® 4 S respectively. 

/‘ f ~ jtp 

- j«c “ and 0704 

- fv . . 

- /lo ® and 0-571 
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be s^isfied, so that the lens be perfectly achromatic for the C 
Md F rays, then it will also be quite achromatic for the A' and 
D rays, and very nearly so for the G' ray. 

A similar pair of glasses, suitable for the object glasses of 
ordinary telescopes when achromatism for the three rays C D 
and F is sufEcient, is the following ^ > 


Medium 
dispersiun 
C - F. 


Partial dispcrhioii. 


C:- r>. I) K. 


0-2388 Telescope crown . 1-5261 0-00852 61-7 0-002S0 o-oo6o-» 

0-2001 Telescope flint . 1-52,1 0-010I7 S»7 ^3 

The partial dispersions in each case are almost absolutely 
proportional, as may be seen by dividing that for 1) to F by 
that for C to D, when the first glass gives 2-4008 and the .second 
2-3960. As may be readily understood from the above two 
instances, the achromats produced by the best makers leave 
very little to be desired. Very often in the case of a telescope 
Iras used for photographing the spectrum, it will be found that 
the achromatism is perfect from C to F or G, and tluit for the 
regions beyond G the lens is a little uncorrected, that is to say 
the focal lengths for rays of shorter wave-length than G are 
rather too .small. This may be met in jiractice by setting tlic 
photographic plate at a slight angle, the part intended to 
receive tlie blue end of the siicctnim being lirought a little 
nearer to the lens. This does not apprecialily disturb the focus 
of the rays at any other part of the speiaruni. For exainpl.. 
the telescope lens of one of the spectrographs at University 
CoU^e, London, has a focal length of 5 feet; the whole 
spratmm can be photographed in perfectly good focus from G 
to L by giving a very slight tilt to Uie plate. 

Gifibrd has recently found it possible to correct the (chromatic 
aberration of a quartz lens by means of a second lens madt- of 
calcite or of fluorite, and exceptionally fine aclironiatii^ l.-nscs 
can be made from these two combinations, 'fhese leii.ses 

achromat,give an almost iierfectly 
flat field for the whole spectruin to A. = 1850. 
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pieces and as th^ ^ ^ system occurs in eye- 

y (A; + a)m _ ax(,a 4- o>') ‘ 

“'f™' »f 't' «« ■-. 

“t tte t»0 lemes for o„e rarlS''^”^'. 'll' 

lor one ray, and w and <,>' the relative dis- 

persions of the two glasses (= -)• 

of M^ye£e,°whw"^rf ^ T'"*' simplified in the case 

centre of the object glass is vS 

between the lenses of an eyepiecf.' HeSr.? 


4- _ «(« 4- 0.') 


and 


/r 


a = <!-+,“/ 

W “f“fr‘ ^ 


. W -f-tl) * 

of the^ame g^Tbe^use'^wh^"^**^ “jaking the two lenses 


0) = 




and 


a = 


-/'+/ 


b , k . s . h ».. 
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The distance between the lenses must be half the sum of their 
focal lengths, when the eyepiece, as far as the first defect is 
concerned, will be perfectly achromatic. 

The special form of eyepiece used with a spectroscope is 
nearly ahvays that known as the Ramsden, which consists of 
two plano-convex lenses placed with the convex sides towards 
one another, as is shown in Fig. 37. Both lenses are made of 
the same focal length, and therefore, in order to secure the 
best correction for achromatism, the distance between them 
should be equal to the focal length of either. As in this way 
the second lens is placed in the focus of the first, the eye sees 
magnified images of all the defects, such as bubbles in the 
second lens; the distance between the lenses, therefore in 
practice is generally reduced to two-thirds of the focal length 
which makes no serious difference to the ’ 

acliromatism, and at the same time throws out 
of focus to the eye the faults of the second 
lens. 

The great advantage of the Ramsden form 
of eyepiece for spectroscopic work lies in the 
fact that it is used outside the focus of the 
telescope object glass, so that the eye is enabled to focus a wire 
or similar object placed in the focal plane of the objective at 
the same time as the image formed by the objective. The 
eyepiece fits into an outer tube, which carries a fixed wire 
or pointer, this pointer being used as an index in measuring the 
position of a spectral line j in this way the index can be focussed 
independently of the lines themselves. Usually, two spider webs 
are used, which are set at an angle to one another, and cross 
one another in the centre of the field of view; the webs, though 
excellent when bright lines are being observed, are very difficult 
to see in the case of fiiint lines, and it is, therefore, preferable 
to use a bright pointer. This is best made by grinding the end 
of a needle flat on one side, which is then fixed with the flat 
side turned towards the eye ; a beam of light is thrown on to 
this pointer from a small mirror, as is shown in Fig. 38. 

The pointer is shown at A, and is illuminated by a beam of 
light directed by the mirror D down the tube C. Care must 
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be taken that the end of the pointer is very fine, and that it can 
be clearly seen against a black background 

A ? w* ®y®Piece is provided with 

two dark shutters, one on each side, which slide in and 



Sia^sTrSdi\rSveT‘Jle\S*‘^®‘^ drumhead, by 

These instruments usnSriave one 

also stationary webs fixed across the field ^rallef S tiJ’ 

of Stw '=rv™ ?" 

measuring the distance between the hnL “ 

visually or on a photographic plate • spectrum 

of coume, only empirical, and theh value 

determined, as will be more folly diseased S. ^ 



CHAPTER IV 

THE COMPLETE PRISM SPECTROSCOPE 

In the last chapter the optical parts of the prism spectroscope — 
that is, the slit, prism, and lenses — were described in detail ; it 
remains now to treat of their mounting to form the complete 
instrument. It will be readily understood that, originating 
with the simple instrument used by Fraunhofer and modified 
by Bunsen and Kirchhoff, many methods have been adopted 
and corresponding designs made depending upon the particular 
nature of the work to which the instruments were applied. 
Very little use would be served, even if space permitted, by 
following out the varied forms of spectroscopes that are in 
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use; it is i)referable rather to fully discuss the iisel’ul types 
which embody the best notions, and to point out the lines to 
be recommended to any one who wishes to make or design 
his own instrument. 

The simplest form of spectroscope is the clired-vision 
instrument, a diagram of which is shown in Fig, 39. 

This instrument consi.sts of two tubes, A and B, which slick; 
one into the other; the larger of these carries the slit S at ont‘ 
end, and the smaller the prism train P and the; lens I/. 'The 
slit S in the cheaper instruments is made with fixed jaws, but 
in those of better quality both jaws are movable, the slit lieing 
opened or closed by turning a collar which is fitted round the; 
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the centre onf. h • instruments consists of three prisms, 
P cKea into the tube with strips of cork to prevent its slipnine 

.r?" t""”"- 

best definition is ohra’ smaller tube in or out until the 

ins the lens anH ™ to prevent the tube cany- 

« of \w»t S“,k“? »"»■“ “1 8'*^* 

Side of thfprism tube a'm "“f 

in the outer tub^B Ar lengthwise 

.hape ““oStata f 

g lens, L , which is mounted in the 



tube C. This hihf^ n • 

order to allow the rays to^Tf'^'* to slide over the tube B in 
^ “ “® focussed upon the slit 

ment, the i^^ge 

and viewed by reflection f ” tlirough a side tube 

however, is only S fo!'r ^ 

Such an 

very useful f^udhj^e^x pounds, is 

work with vacuum tubes or fl^eTT LT*'"’ “ 

the vacuum tubes are provided xc>i, ^ former case, when 
usually axe, there is no “ they 

column of light can take its place. ”^It t * ‘i’ 
directly at the vacuum tube thr/i t. v ^ necessary to look 
tube through the prism train without 
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any lens ; this is a very convenient method of working on the 
spectra of gases, as much greater illumination is obtained. 

In spectroscopic work, when it is required to determine the 
wave-lengths of the lines recourse must be had to some method 
of measuring their positions in the spectrum. This is always 
carried out, in the case of prism apparatus and generally with 
gratings, by measuring the angular deviations of the lines and 
comparing them with the deviation of lines whose wave-lengths 
have already been determined. For very accurate work this is 
done by means of photography ; the two spectra, the standard 
and unknown, are photographed contiguous one above the 
other on the same plate, and the wave-lengths of the unknown 
lines found by measuring their position relatively to the lines 
in the standard .spectnim. This comparison may be made 
visually, but it is in this case preferable to calibrate the spectro- 
scope beforehand. This latter method is usually adopted for 
ordinary work, where great accuracy is not required, and where 
only the visible spectrum is involved. The instrument generally 
employed is the spectrometer, by means of which the angular 
deviations of the lines are read directly ; it is possible, of course, 
to use any kind of scale in place of the deviations, because botli 
must be reduced to wave-lengths, but this is not advisable on 
account of the liability of the arbitrary scale to get out of 
adjustment. 

A diagram of a simple spectrometer is shown in elevation 
and plan in Fig, 41, but, as will be seen, the stand is omitted j 
the whole apparatus is in reality firmly screwed to a pillar 
with a tripod base, each leg of which has a levelling screw. 

In this type of appaiMtus the telescope is fixed to an arm 
which is pivoted at the centre of the table of the instrument, 
and its angular movement can be measured on the graduated 
circle. In the diagram the telescope is shown at A, and the 
collimator at B, and both fit tightly into the carriers C, C ; 
these carriers are fastened by two screws into the blocks D, I), 
their bottom surfaces being rounded, as shown, to enable the 
levels of the collimator and telescope to be adjusted. The 
blocks D, D are fixed by the screws E, E and F, F to the two 
arms G and H ; the holes cut in these arms, where the screws 
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Fig. 41, 
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F, F pass, are elongated 
to admit of small adjust- 
ments to the tele.scoi)e 
and collimator in a hori- 
zontal plane. Both the 
arms are strengthened by 
ribs, as shown, and H, 
oiirying the collimator, 
is firmly screwed to the 
central table K, while G, 
carrying the telescope, is 
accurately fitted to the 
central steel pin L, and 
is free to rotate round 
it. The prism table 
M is also made to 
rotate round the pin L, 
this motion being useful 
for bringing' the prism 
into the position of 
minimum deviation; the 
lower table N is fixed, 
and is graduated so that 
the angular movements 
of M. may be measured 
if required. The central 
table K is also divided, 
and the movements of 
the telescope are read 
from thcj verniers 0 and 
J*, the accuracy of read- 
ing being usually about 
30" of arc. The lenses 
of the collimator and 
telescope are shown at 
<2 and R, the slit at S, 
and the eyepiece at T ; 
both collimator and 
T. i>, c. 
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Fig. 42. 
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telescope are provided with rack-and-pinion adjustments for 
focussing. 

A simple measuring instrument has also been made in which 
a direct-vision prism train is employed, and has been used for 
ordmaiy work by Ramsay. A diagram of such an instrument 
is shown in Fig. 42; the distinguishing feature consists in 
pivoting the telescope A at the point B so f-h-ii- it is free to 
move only in a horizontal plane, which is also a principal plane 
of the prism system. The motion of the telescope is controlled 
by the micrometer screw C, a spring D being fixed to keep the 
telescope pressed up against the end of C. Readings of the 
positions of the spectrum lines may be read in two ways, either 
by the graduations on the drumhead of the micrometer screw, 
using some form of index or pointer in the eyepiece, or their 
positions may be read upon a photographed scale H, seen by- 
reflection from the last prism face. 

The complete instrument is shown in Fig, 43. 

In the spectrometer shown in Fig. 41 certaiir faults of 
construction are evident, and *ese must be eliminated if an 
accurate instrument is required. The chief of these is the 
want of rigidity. For example, the arms G and H are too 
slender, as also are the two carriers C and C ; a slight pressure 
of the hand upon the telescope eyepiece during a reading 
causes a shifhng of the spectrum lines, which naturally prevents 
any accuracy of reading. Though perhaps this instrument is 
efficiently rigid for ordinary work, some such design as shown 
m Figs. ^ and 45 must be employed if any good work is to 
be done m which the direct measurement of angular deviation 
IS mvolved. 

In the instrument sliown in Fig. 44 it will be seen that the 
telescope is rigidly fastened to the heavy arm A, which is 
accurately ground on to the central vertical axis, and carries a 
counterpoise B. The divided circle is 12 inches in diameter, 
and IS read by means of two traveUmg wire micrometer eye- 
piwes C and D, by means of which the circle divisions can be 
subdivided to i" of ara Two tangent screw motions E and F 
are fitted, one for slow adjustment of the arm carrying the 
telescope and the other for moving the graduated circle round 
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the £ixis in order to ennble rendings to be ninde upon diflerent 
portions of the graduations j this latter adjustment is used to 



Fio. 43. 

eliminate any errors of graduation. The collimator is carried 
by a separate standard G, which forms jjart of the tripod stand 
of the instrument. The prism table I can be rotated upon 
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its vertical ajtis by the rod H, the two being connected by bevel 
gearing. 

Fig. 45 shows a spectrometer made by Hilger for Mr. J. W. 
Gifford, who has very kindly allowed me to reproduce it The 
main features of this instrument are clearly enough shown in the 
illustration j there axe, however, certain details to which it is 
necessary to draw special attention. It will be at once noticed 
that the brass tubes as usually used for the telescope and 
collimator have been replaced by leather bellows ; this is owing 
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to the fact that there is always a slight amount of side-play in 
the focussmg arrangements when brass tubes sliding into one 
another are used. The adjustments for focussing in this in- 
strument can be seen underneath the leather bellows, and 
consist of tongued and grooved metal slides, as long as possible 
so as to give plenty of bearing surface. At the eyepiece end 
of the telescope there is a photographic attachment, as shown 
m the illustration, and the eyepiece is visible outside the 
camera box; when used for visual work the dark slide is 
removed. The .mam graduated circle of the instrument is 
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r8 inches in diameter, and can be read by means of micro- 
meter eyepieces to within i" of arc. The prism table is 
also graduated, and can be read by means of a short telescope. 
Both the prism table and the fine adjustment of the telescope 
can be manipulated from the eyepiece end of the instrument, 
the former by the handle to be .seen just under the tele.scope 
bellows, and the latter by the handle under the telescope arm. 
The key shown at the lower end of the telescope bearing, ju.st 
above the tripod stand, is for the purpose of throwing the fine 
adjustment in or out of gear. 



Fig. 4s, 


There Is also another type of instrument which may be 
described here, namely, the fixed-arm spectroscope, although 
perhaps some of these instruments are not adapted for 
quantitative work. By a fixed-arm .spectroscope is meant an 
instrument in which the tele.scope and collimator are im- 
movable, and the spectrum is made to pass along in front of 
the observer by rotating the prism train. In this type may be 
included the Littrow instrument, in which the principle of 
auto-collimation is adopted, that is to say, the same tube serves 
for both collimator and telescope. The simplest form of fixed- 
arm spectroscope is one in which the con.stant deviation prism 
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shown on p. 58 js employed; in this instrument the telescope 
and coUnnator axe fixed in the same horizontal plane, and at 
ng angles to one another. The constant deviation prism is 
mounted upon a table which can be rotated by a tangent screw, 
and m this way, as follows from the construction of the prism, 
e rays seen through the telescope are always those which 
toverse Ae pnsm at minimum deviation. This instrument is 
particulMly smted for the preliminary analysis of the light 
Spter interferometer, or echelon grating (see 

pother instrament of this type is the one in which the 
multiple transmission pnsm sy.stem devised by Cassic is used. 



Fig. 46. 


reauirL P* ««««* 

axes oTralW , f collimator to be fixed with their 

5 a I- ? coincident; the latter must 

mouSf [ and a little to one side of the fotmer, the 
being determined by the size of tlie 
die telesco7?h^^‘^?l^ is made to traverse the field of view in 

Sh Sal o^hT^ £ ^ ** 5 ) a vertical 

A Si instruments of this type have been devised, 
agrammatic plan of a Littrow type of spectroscone is 

iSed bvVe^‘ ^^bt enters the slit S, and then is totally 

deviationn7 Z .u transmits the rays at minimum 

deviation, and they then fall normallyupon the plane mirror D 
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which reflects them back through the prism to the lens B, 
whence they pass to the eyepiece E. The instrument is so 
adjusted that the rays on the return journey pass above or 
below the right angle prism A. At F is shown an arrangement 
for automatically keeping the prism in the position of minimum 
deviation; the tie G is pivoted upon the arm carrying the 
mirror D, which is free to rotate round a vertical axis directly 
under the centre of the prism C The tie H is pivoted upon 
the stand of the apparatus ; both the ties G and H are pivoted 
together to a pin working in the slot in the arm F, which carries 
the prism C. In order to cause the spectrum to move across 
the field of view it is only necessary to rotate the. arm carrying 
the mirror D through a certain angle ; it is clear that the prism 



Fig. 47. 

C will move through half that angle, and therefore will be 
automatically kept in the position of minimum deviation. 

A similar instrument, in which a concave mirror is used in 
place of the lens B in the last case, has been devised by 
Wadsworth,^ and is shown in Fig. 47. 

In this instrument the light enters the slit at j, and is then 
directed by the right angle prism a on to the concave mirror 
at b] from here the light passes through the prism c to the 
plane mirror d. By this mirror it is reflected back along its path, 
and passing under the prism at a it reaches the eyepiece at f. 
As will be seen, the prism at c is provided with the same 
arrangement as in the last apparatus for automatic adjustment 
in tlie position of minimum deviation. 

^ Phil 38 . 137 (1894). 
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designed a multiple transmission 
J)ectroscope, which partakes of the Littrow type. A diagram 
>s shown m Fig. 48; the light coming through the slit at S 

miT / P"- oif to t concte 

mraor A, by which it is directed as a parallel beam on to the 

deviation, and are reflected by the plane mirrors B, C, and D, 
refl^e^^h“®r emerging they are again 

a S"® u "T *e prism 

thrd time. They then fall upon the plane mirror H, which 

IS placed perpendicularly to their path j they are thus reflected 

ack along their path till they reach the concave mirror A, by 
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S SiT .?■ • ^ Ite prism M times, 

toe at tninimum deviation. The method of adjusting 

as ^ refractmg prism is automatic, and is obtained 

toctor H, are all fixed on the vernier circle M of the 

and the second set 

fmKi mounted together on an inner 

table, fixed to the arm which carries the collimator A slit S an/i 
observing eyepiece or plate-holder 0. S nnti 

rrS\°“ " connected with toe oX Tvable 

Thi'oute^^dhSTer^-^r attachment. 

Ihe outer divided circle w also rotates, and has attached to 

‘ Attrophys. /oum., 8. 264(1895). 
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it an^ arm R for a small observing telescope, which is used 
only in the preliminary adjustment. 

On account of the great number of reflections that the light 
has to undergo, this instmment is only suitable where very bright 
sources can be employed. At the same time it has the advan- 
tage of giving very high resolving power with only one prism, 
a consideration of some importance if a costly material is 
employed for the refracting prism. 

It must be remembered that the accuracy of wave-length 
determination by visual reading cannot be compared with that 
obtained by photographic methods ; in the latter cases photo- 
graphs of the unknown spectrum and a standard spectrum are 
taken upon the same plate, superposed upon one another, or 
in juxtaposition, and the wave-lengths of the unknown lines 
are determined by measuring their positions on the photograph 
relatively to the known lines. A further disadvantage of the 
visjial method lies in the fact that the ultra-violet region is not 
visible to the eye. In an apparatus for the photography of the 
spectrum a photographic plate is placed in lieu of the eyepiece 
in the focal plane of the telescope objective. It is oI.)vious 
that the necessary apparatus may be very much simpler than 
in the case of a visual instrument, because there need be no 
moving parts. The name usually given to the apparatus 
designed for spectrum photography alone is a spectrograph. 

It is, of course, possible to fit a photographic attachment to 
any of the spectroscopes described above ; such an accessory 
IS shown in Fig. 49. It consists of an oblong box A, to whi<^h 
is screwed the brass tube B ; this tube B fits into the telescope 
tube in place of the eyepiece. The frame C is supported by 
two metal strips, which are shown at I) ; this frame C is pivotiul 
so that it ca.n be moved a little one way or the other round 
a vertical axis, this adju.stment being necessary to correct for 
the possible want of achromatism of the telescope lens. 'J'he 
frame A is cut away, as shown, to allow for this movement, and 
leather bellows are fixed to A and C to keep out all extraneous 
light. The frame C is provided with grooves, just as in an 
ordinary camera, into which the dark slide fits. 'Pliis liith^ 
apparatus may be used to obtain photograiihs of small regions 
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of the spectrum, small because the tube B has a small angular 
aperture, so that only a very short section of the spectrum 
can pass through at one time. It is very convenient to have 
verti^l slides fixed upon the frame C to carry the dark slide. 
In this way if the latter is sufficiently broad several photographs 
can be taken upon each plate; it is then preferable that the 
frame C have a horizontal rectangular aperture just sufficiently 
large to allow the free passage of the light to the plate. By 
altering the height of the plate-carrier in the vertical slides on 
C different portions of the plate can be exposed in turn, and 
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Fig. 49. 

m this way photographs of many spectra can be obtained on 
the same negative. 

It IS far better, however, if a spectrometer mounting be 
employed to remove the telescope tube altogether, and set 
m Its place a wooden box, as shown in Fig. 50 in plan ; the 
box IS made to fit the spectrometer mounting in the same way 
astheongmal telescope. The telescope lens is at A, and is 
provided with a focussing arrangement B; the rest explains 
se . In this way none of the spectrum received by the tele- 
scojie lens is cut off by any part of the apparatus. 
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In Fig. 51 is shown a diagram of a mounting for a spectro- 
graph as has been set up at University College, London, which 
perhaps, may be described on account of its extreme simplicity. 
Ihe lenses are 2 inches in diameter, and of 5 feet focus, and 
Aere are two 60° prisms of glass, 0*167 (see list on p. 89). 
Both lenses are mounted in heavy brass cells screwed into brass 
tubes 2*5 inches in diameter and 6 inches long. The whole of 
the mounting of this apparatus is 
of wood, and is as simple as 
possible. It consists of two 
frames— one for the slit and colli- 
mator, and the other for the tele- 
scope lens and camera fittings. 

Each frame is composed of two 
pieces of 2-inch quartering, 6 
feet long, bolted together with 
three iron bolts, one at each end 
and one in the middle. The 
pieces of quartering are separated 
by three small distance pieces, 

I inch thick, one at each bolt. 

The two pieces of quartering are 
shown at A, and the bolts at 
B, with the distance pieces C. 

It will be seen from the figure 
that a I -inch slot Ls formed 
along the frames, and the tables 
carrying the lenses, etc., are pro- 
vided with lugs, which fit into 
these slots. Underneath each 
frame is screwed the i-inch board D, which serves to strengthen 
the whole, and guard against warping. Both frames are exactly 
similar, and form a very convenient basis for the mounting. 

A diagram of the tables carrying the lenses and slit is 
shown a.t F ; these are all of i-inch wood, 5 inches square, and, 
as mentioned above, are firmly .screwed to j-incli lugs E, which 
fit into the slots. They can thus be put in any position, and, 
when all adjustments have been made, are securely fastened 
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by screws into the pieces of quartering. The method of 
mounting the carrier tubes of the slit and two lenses, which is 
the same in each case, is as follows 

■^e two side pieces G, G, which are screwed to the table 
mnnmg the whole length, are set at just sufficient distance 
apart to allow the carrier tubes to pass between them. The 
top H, slightly arched on its under side, can then be fastened 



doTO by screws into the side pieces, and serves tn *1, 
carrier tub« firmly in their position. ° 

7 • ^ *>oard of 6 inches wide and 

con.. si 

d.o„ „ M »d N. The. n,„ Bbtei 
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screw through their centres into the main table underneath, and 
are thus free to revolve. By this device, each prism can be 
rotated for the minimum deviation adjustment, and can be 
finally fixed in the required position by a small screw through 
the corner of its small table. 

A small astronomical telescope is mounted to examine the 
spectrum reflected from the first surface of the second prism. 
The advantages of this are obvious for purposes of visual 
comparison, and for observing whether the slit is correctly 
illuminated. 

The camera frame is fixed entirely separately from the 
collimator frame. It is held by a single bolt about i inch from 
the end, not shown in the plan, which, j^assing through the 
supporting table, is clamped l)y a nut underneath. This bolt 
is placed vertically under the second prism, and thus the camera 
frame can be rotated, if necessary, for examination of different 
parts of the spectrum. The camera has, however, been made 
wide enough to take as much of the spectrum as is usually 
required for practical purposes; and, therefore, unless it be 
desired to examine the extreme blue part of the spectrum, this 
adjustment is not required. 

The table which carries the dark slide differs slightly from 
the others; the chief difference lies in the fact that it is not 
fastened to its lug, but is held by a bolt, P, ])assing through its 
centre and the lug underneath. An angular adjustment is thus 
rendered possible, in addition to the motion parallel to thc^ 
axis of the telesco]:)e lens. This adjustment, of course, is 
necessary in order to bring the photographic' plate at the 
required angle to the axis of the lens, which is nc'cessary for 
good focus. The position of the table can he lixcul by a 
butterfly nut and large washer underneath the frame. A frame* 
is erected vertically on the table, against which thc^ dark slide* 
is held by strong steel springs. 

The length of the camera table and its frame is i2-^- in(^lu‘s 
overall, with a centre aperture in the frame of ii iiie^ies i)y 

inches. 

The dark slide needs no special description. Jt carriers a 
plate II inches by 3 inches, this length of plate being suflicic'iit 
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to photograph as much of the spectrum as cmi be focussed, at 
the same time, wiA sufficient accuracy for good measurement. 
As at present fixed, the spectrum photograph extends from 

Angstrom units. The focus 
perfectly good, and though the prisms and 

S if""® "" extending to 3100 Angstrom units, 

the focus has not been found to be sufficiently good for the 

but°<^^^®’ yy ■’ ultra-violet portion is excluded, 

swinging the camera frame round its 

Dolt, as described above. 

With regard to the method of covering the apparatus in 
order to prot^t it from daylight, this is done by means of two 
®“PP°rted by light wooden lathes, which 

rahJf supports on the lens and .slit 

tables. The satteen is nailed down on each side of the quarter- 
ing, after being stretched tightly over the lathes. A special 
arr^ement, of course, is necessary in the case of the covering 
of the camera frame. The method adopted is as follows: a 
vfrtllT!! inches long by 6 inches high, is erected 

4 inches in front of the 
ST^n T • ® the corners of 

A douhWbT® r the tele.scope lens. 

A double ffiickness of satteen is stretched over these and nailed 

iraderneath, along each side of the quartering. The space 
^tween this frame and the dark slid6 frame is covered loosely 
TOffi satteen. The satteen is naUed all round the two frames^ 
stretch^ tightly between them, and a considerable 
latitude m the position of the dark slide table is thus obtained. 

Any open spaces such as occur at the corners of the 
mountog of the carrier tubes for the slit and two lenses are 
filled in with dark tailor’s wool. 

1 of apparatus is covered with a loose 

velvet cloth, which is supported by a light wooden rail, carried 
by supports erected from the large prism table. 

ligh^ for, ffiough the room is often brilliantly lighted with 

So^es 
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This apparatus has been thus described in detail in order 
to show how a perfectly serviceable mounting can be set up 
with the help of a carpenter at the cost of only a few shillings. 
In making a spectrograph, the essential point is that the slit 
lenses and prisms be of good quality ; the mounting may very 
well be left to the ingenuity of the experimenter, A great 
number of designs have been brought forward, and any one. 
of these may be adopted ; but for ordinary laboratory work in 
photographing spectra it would appear that some such simple 
apparatus described above is as good as could be wished ; in 
aesthetic appearance, perhaps, it may fail to please, but this is 
of small consequence in an apparatus destined for much use. 



CHAPTER V 

THE PRISM SPECTROSCOPE IK PRACTICE 

Th» jMjRStBIARt of tlM Prim SlMWlroloepi. Fm lhr> <nm- 

fdcte Adjustment of a jirwin *pM;ttti)C«|K* ii i* nrtmiwujf «»mi 
the Ibllowing oondittonit lx.' MtMfirtl : 

(t) That dw collimating lm« tiinrt a Iwani iH iwtallrl Itgiti 
tqwn dut flnt priim face. 

(a) That the optic axes of ilui! collimator ami icl(-fico|r iNMMt 
thrwq^ the tame prindpal plane of thr phnni whatctTi matr 
be the poaitkin of the telescope. 

(l) 'Htat the opening of the slit tx; paralM to the rrfraeiinR 
edge ^ the priam. 

The medtods of adjuatment of the apparatws m ihai iiwM> 
dues conditiona may he aatiaftecl, may lie doaerilml in timil 
for the case of an oi^inary apectroineier srith onr prism, such 
as the instrument shown in Fig. 41. Similar mettimU mr 
applicable to the more complex instfuments. First of ail, the 
teleacope of; the instrument shiatki Iw fooissed for paralM rays; 
the hyepicoe Is lint arlJnsted so that thr croM'thrt'aiU arc in 
good^jfocua, end then the telescope is diirrirtl lowards some 
very itistant object, such as a church spire or flagstaff, ami the 
arhole eyepbee moved in or out until die olijeti m *mi to tie 
well dehn^ This focus will Iw fouml to tie sudk ienily near 
to that actually necesaary for objects ai an ioAnite diaiatKe, 
that la to aay, for parallel rayx The slit of ihe itMntmetti is 
then illuminated by some convenient soukw of light, sneh as 
an ordinary pa4aai«, and the telescope and etdiimator tmatiita 
Into line with one another so that the image of the slit ran lie 
seen direct without the interposition t4 the prUm. ‘Ilte txtilitnMtit 
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IS then focussed until a perfectly sharp image of the slit is seen • 
the collimator will then be approximately in correct adjustment 
The ceiitre of Ae imap of the slit should be seen in the centre 
of the field of view m the telescopic eyepiece, and then the 
axes of the telescope and collimator will form portions of the 
same straight line. 

A convenient way to test this adjustment is to cover the 
sht with a piece of cardboard having a small hole cut in it 
a mdlimetee or so in diameter.* In this way only the central 
portion of the slit is exposed to the illumination, and this 
should be seen in the centre of the field of view in the telescope : 
if It appears above or below the centre the collimator and 
telescope are carefully adjusted until they are properly level. 
Care must also be ta^en to see that the slit opening is truly 
vertical. The prism is then put in place and levelled so that 
the refracting edge is vertical and parallel to the slit. 

One of the following methods may be used for the more 
accurate adjustment of the collimator focus for parallel rays. 
First, Schuster’s method * — the prism is set in the position of 
ininimum deviation, and the telescope turned so that the image 
of the D line or some other convenient ray is seen. The 
telescope is then turned a little to one side of the image; it is 
evident that there are now two positions of the prism, one on 
each side of that of minimum deviation, which will bring the 
image of the line again into view in the centre of the field of 
the telescope. The prism is turned to these two positions in 
succession, and the line observed in each case; if the line 
ap^ars in perfectly good focus at each time, then the telescope 
and collimator are both accurately adjusted for parallel rays. 
If, however, as is more probable, the focus of the line appears 
better at one time than at the other, the following procedure 
IS adopted. The prism is first turned to the one position, and 
then the collimator is focussed until the line is seen perfectly 
sharp ; after turning the prism to the other position the telescope 

is provided with a wedge-shaped diaphragm which 
works in grooves outside the jaws. This is very convenient in The above 
aajustment. 

’ -P-irV. Maff., 7. 95 (1879). 

T. P. c. ^ 
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is focussed to produce the best definition. After one or two 
repetitions it will be found that the condition mil be obtained 
that the line remains in perfect focus whichever way the ])risin 
is turned. This corresponds to perfect adjustment of both tiu‘ 
collimator and telescope for parallel rays. 

The second method is that devised by T/ij)pmann,^ who 
employs two strips of plane parallel glass plate, whicli art^ set 
one above the other and at right angles to one another. This 
apparatus is set in the path of the rays from the collimator; if 
these rays be truly parallel no effect will be produced, but if they 



Fig. 52. 


be convergent or divergent, the upper and lower halves of the 
im^e of Ae slit will appear relatively displaced. The apparatus 

ordinary spectrometer with achromatic glass lensc.s. 
when the collimator has been adjusted for giving parallel ray.s 
A ^ adjustment will be suitablj for all th • 

rays of the spectrum. It must be remembered, however that 
ae eyepiece K not achromatic m every sense of the won ai 
w« explained, m Chapter III., the eyepiece is so ad^uS th u 
the <^^ent coloured images aU have die same si.e As th -2 
are still distnbuted along the axi.s, a different focus of the 
^ Com^tes rmdus ^\%^ 569(1899). 
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telescope is required for rays of different wave-lengths. When 
non-achroinatised lenses are employed, such as simple lenses 
of quartz, if the focus of the collimator be found for rays of 
known wave-length, the focus for any other ray may be found by 
simple calculation from the ordinary formulm of leases, and the 
relative position of slit and collimating lens altered accordingly. 
It is very convenient for this purpose to have the focussing tube 
of the collimator graduated in millimetres in order to allow of 
a definite change in the focus being made, such as will be 
required in moving from one part of the spectrum to another. 

In the adjustment of prism apparatus for the photography 
of the spectrum, we have, in addition to the previous adjust- 
ments, the focussing of the photographic plate in order to otrtain 
the be.st definition. Generally speaking, in apparatus in which 
considerable portions of the spectrum are photographed upon 
one plate, the collimator is adjusted for parallelism and the 
prisms set at minimum deviation for the mean rays of the 
region photographed. Better definition of the photographed 
lines is more likely to be obtained in this way. There are two 
separate adjustments to be attended to wth respect to the 
photographic plate, viz. the distance of the plate from the 
camera lens, and its angle to the axis of the lens these adjust- 
ments resolve themselves into a series of trials by error. In 
the photographic apparatus de.scribed in the last chapter the 
camera back was shown to be mounted in such a way that 
it can be rotated round a central vertical axis ; this is necessary 
in order to obtain the required tilt of the plate. A preliminary 
focussing of the plate may be readily obtained by the u.se of a 
ground-glass screen as is castomary in ordinary photograpliy ; 
a photograph of the spectrum is then taken, and if the definition' 
is not satisfactory the camera back is moved to or from the lens 
and a second photograph taken. This is repeated until the 
lines in the central portion of tlie plate are in perfect focus. 
It only remains now to alter the tilt of the plate until the whole 
spectram, or as much of it as possible, is in focus. 

While in the case of glass, quartz-fluorite, or quartz-calcite 
achromats it is possible to obtain a flat field, and therefore to 
use glass photographic plates, this is generally impossible with 
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uncorrected lenses, especially if large portions of the spectrum 
are to be photographed upon the same plate. Under rhpse 
circumstances the focus of the objective lies upon a curve, and 
it becomes necessary to use films. A frame cut to agree with 
the focal curve is fixed in the plate-holder, and the film is held 
up against this frame during an exposure. 

In the final adjustments for the focus it is advisable to use 
a source of light the spectrum of which is known to consist of fine, 
sha^ly defined lines. Metallic spectra very often contain lines 
whic^ are diffused on one or both sides ; such lines are of little 
use in the adjustment of the apparatus for the best definition. 
One of the most satisfactory sources of illumination for this 
purpose is a vacuum tube containing carbon dioxide, as the 
spectrum ^ven by such a tube when the electric current passes 
through it is one of bands of extremely fine lines. 

For the purpose of improving the illumination it is customary 
to focus an image of the source upon the slit by means of a 
condensing lens ; ^ in this way, unless the source is very large 
or very near the slit, considerably more light is obtained. An ■ 
^vantage is also gained in the case of flame spectra, in that 
the sHt is not subjected to any possible spluttering or splashing 
of the salt in the flame. 


The Methods of Wave-length Determination with the 
Pnsm Spectroscope, — In the case of the prism spectroscope, 
almost all methods of determination of the wave-lengths of 
spectrum lines are carried out by processes of comparison 
between ^em and the lines of other spectra, the wave-lengths 
of whi^ have already been accurately determined ; tliat is to 
say, the position of the unknown lines in the spectrum are 
measured relatively to the positions of certain well-known 
lines, and the wave-lengths are obtained by interpolation. In 
die case of the visible portion of the spectrum this may be 
done by ineans of eye observations if great accuracy be not 
required, but, generally speaking, photographic methods are to 
be recommended firom their greater reliability. 

For visual work some sort of scale must be employed, on 
which the positions of the Imes are read; this may be a Lit 
' See also Chapter X., p. 338. 
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photographed upon glass, which, by reflection from the last 
prism face, is viewed at the same time as the spectrum, and is 
so adjusted as to appear above or below it, and adjacent to its 
edge. This was used by Bunsen and Kirchhofif, and the position 
of the lines may be readily read upon it, but only quite roughly, 
so that the method can hardly be recommended at the present 
time. It is important to note that such a photographed scale 
very easily shifts its position relatively to the spectrum j it is 
necessary, therefore, that the scale be provided with some form 
of adjustment, by means of which its position can be altered ; 
when using the instrument at any tune, care should be taken 
that the scale is correctly placed, which may quite readily be 
realized by arranging that some line, such as the D line, be 
brought to the same reading \ this must always be carried out 
before any series of measurements are made. 

Far better than the method of the photographed scale is 
the method of measuring the deviations of the Ime, which may 
be carried to a greater pitch of accuracy. The apparatus used 
for this purpose, known as the spectrometer, has already been 
sufliciently described, and it only remains to show how the 
method is put into practice. If possible, it is better always to 
work with the prism in the position of minimum deviation for 
every ray examined; this is a necessity in the case of calcite 
prisms, and is to be preferred with those of other mptli'n. in 
actual observations the fixed pointer in the eyepiece is first of all 
focussed, and then, after focussing the image of the slit directly 
without the intervention of the prism, the position of the 
telescope is read upon the divided circle ; the telescope is 
then moved until the pointer is adjusted exactly upon a spec- 
tram line, when the position is again read upon the divided 
circle. Consecutive readings should show the smallest possible 
or no dlfiTercnce amongst themselves. 

In order to find the wave-length of an unknown line, it is 
possible to use an interpolation formula ' from which the wave- 
length of an unknown line can be obtained, if its deviation 
and the deviations and wave-lengths of lines on each side of 
it be known. This, however, is cumbersome and laborious; 

^ Sucli as Hartmann’s ; see page 68. 
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by far the best method is that of graphical interpolation. This 
consists in drawing the dispersion curve of the spectroscope ; 
that is to say, the curve expressing the relation between wave- 
length and the deviation produced. In order t <5 obtain this 
curve, a number of well-known lines in different parts of the 
spectrum are cliosen, and their deviations measured as accurately 
as possible. These numbers, with the wave-lengths or oscilla- 
tion frequencies of the lines, are then plotted on scjuarcd paper, 
and a curve drawn through the points obtained; this curve 
must, of course, be perfectly smooth, without any sudden 
changes of direction, and it is the more accurate the greater 
the number of lines measured for the purpose. When this 
curve has once been drawn for an instrument, the determi- 
nation of the wave-length of an unknown line becomes very 
simple; it is only necessary to measure its deviation, when 
the wave-length can be read directly off from the curve. 

llie choice of lines must be left to the discretion of the 
experimenter, but it must be remembered that only sharp and 
well-defined lines should be taken. The most .satisfactory in 
this respect are the lines given by gases under reduced pressure, 
and those given by hydrogen and helium will probably be 
found to be sufficient for ordinary purposes. Collie^ has 
pointed out that if the helium and hydrogen be mixed with 
mercury vapour, certain lines in the mercury spectrum will 
appear very strongly accentuated. He recommends the use 
of such a vacuum tube for the calibration of a spectrometer. 
The wave-lengths of the lines in this spectrum are as 
follows : — 


Helium, red, 7065*48 Angstrfim units. 
Helium, red, 6678*37 „ „ 

Hydrogen, red, 6563*04 „ „ 

Mercury, orange, 6152*3 „ „ 

Helium, yellow, 5875*87 „ „ 

Mercury, yellow, 5790*5 „ 

Mercury, yellow, 5769*5 „ 

Mercury, green, 5461*0 „ „ 

Helium, green, 5 oi 573 « 

' Proc, Roy, Soe,„ 71 . 25 {1902). 
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Helium, green, 4923*10 Angstrom units. 

Hydrogen, blue, 4861*49 „ „ 

Helium, blue, 4713*25 „ „ 

Helium, violet, 4471*65 „ 

Mercury^ violet, 43 $8*6 „ „ 

Hydrogen, violet, 4340*66 „ „ 

There are in this list fifteen lines which are fairly equally 
distributed over the spectrum, and should prove sufficiently 
numerous for the purposes of the calibration curve of an 
ordinary laboratory instrument. If, however, more lines are 
required in order to render the curve more accurate, these may 
readily be found in the spark spectra of cadmium and of 
copper, and some other metals. From the helium, hydrogen, 
and mercury lines, it is quite possible to draw a calibration 
curve which is almost correct throughout its whole length; 
when once this curve has been drawn it is a simple matter to 
read the deviations of more lines which may afterwards be put 
upon the curve. When the spectra of metals are employed it 
is often difficult to recognise any lines amongst the great 
number which are visible ; l)ut by means of the approximate 
calibration curve, the wave-lengths may be found with sufficient 
approximation to recognise them in a list of the lines of the 
element. The true wave-lengths may then be used to correct 
the curve. The principal lines in the visible regions of the 
spark spectra of copper and cadmium may be given here — 


Oidmium. 

Copper. 

Caclniiuin. 

Copper. 

6439‘3 

5782-3 

4217*1 

4932-5 

S 379’3 

5700-39 

4127-1 

4911*0 

533»-6 

5292-75 

4095-0 

4704-77 

5086* r 

5218-45' 

4057-7 

465* -3 1 

4800*1 

5 i 53 ' 33 ' 

3988-4 

4275-32 

4678-4 

5105-75 

3984-7 


44 iS ‘9 

. 4955-8 




It will be found that if, instead of the wave-lengths, the 
oscillation frequencies of the lines be used, the shape of the 
curve will be flatter, and thus it becomes rather easier to draw. 
' These lines are inclined to be difFusetl. 
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By the oscillation frequency is meant the niiinber of waves 
contained in one centimetre in vacuo, that is to say, ihv 
reciprocal of the wave-length reduced to vacuum. In order 
to reduce the wave-length of any line nicasuretl in air to its 
real value in vacuo, it is necessary to multiply by tlie relra<*tivtr 
index of air for light of the particular wavtj-lonj^th. 
refractive indices of air have been determined witlt grt?at 
accuracy by Kayser and Runge;^ the values tlu7 found at 
0° C. and 760 mm. pressure are expressed by the following 
equation : — 


10 - 1) = 28787 + I3’i6A. ■» + 0-31 6 A ^ 

when X is expressed in io-“ metres or thousandths of a milli- 
metre. This formula shows that the index of air lifs lic- 

tween 1-00029 for X = o-8ooox io“‘ metres, and rooo35 al 

— 0 2000 X io~* metres. In making the corri-i-tions in 
actual practice it is simplest to add a small numher to tiu- 
wave-lengths. A table of these corrections can Im rt-adily 
constructed; as can be seen, they lie between 2-52 Angstrom 
units at X= 8000, and 0-70 at X= 2000. Such a talile is 
givm complete m Watts’s Index of Spectra, Appendix K, p. 51. 

■in Fig. 53 are shown two calibration curves of a stHS-tro- 
meter, one. A, being drawn with the wave-lengths of the snci-- 
lines, and the other, B, with the oscillation fre,,«cncii-.s : 

seen from the 

in nnJ ' T are expressed the wavc-lciiKtlis 

■rL'del^*^ f- frequencies in the other case. 

ohs^.n:!f ^ ^ f wave-lengths in this way Ity visual 

obseiwation cm be quickly carried out, and serves cxndlently 
w^ for the Identification of lines in a qualitative way -hU 
course, to use an instrument of high disiiersion 

lines may be ^e^ve-lengths of unknown 

drawmg of ^rrextldM 

must be read so as to ohta- a number of i>oints 

read so a to obtain the required accuracy, and it is 

Wied. Ann., SO. 293 (1893). 
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doubtful whether it is worth the extra trouble and expense 
involved. It is far preferable to have recourse to photographic 
methods of comparison, which are able to give much mpre 
accurate results with very much less costly apparatus. ''-^^he 



method consists in obtaining, with the same instrument, photo- 
graphs of the unkrtbwn spectrum, and a standard spectrum 
upon the same plate, when the unknown wave-lengths are 
obtained by interpolation from the wave-lengths of the lines in 
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graphical interpolation described above, because the photo- 
^aphgives a permanent record of the deviations suffered by 
fee vanous lines, and since the standard spectrum is so chosen 
as to contam a great number of lines, there is no need to draw 

SDLS^rrrt,”" pl^otographic comparison of 

sp^tra care should be taken that the two spectra be quite 

contiguous to one another, stUl better, that they should overlap 

ment of thl'fi measure- 

ment of the two photographs more accurate. 

ravs^fr!!l\^!?™'* comparing two spectra that unless the 
ZifT ^ at the same 

onf displaced relatively to 

that photographic plate, owing to the fact 

SSi collimating lens are used in each 

work, therefore, it is necessary to guard 
that the two sources of light are pk^ced 
in identi^ positions. This may be readily arranged for by 

Iht “Ifim ' f 'i°Tr ® ’^P®" 

the'aro hT source chosen as the standard, 

the arc between iron poles, is focussed upon a portion of tl^ 

S 1 r of 

snectmm 5 ’“O' toe 

rS^^ V f photographed, the arc is 

tlTt ”&ht source placed in its place, so 

sotiJifS ““‘’eostog lens, the image of the 

source is focussed upon the slit a little above or below the 

Sr toe image of the arc was previously thrown 

Sn 1 a?ih P’^otographed, and it will 

S“ecflv nkL 1 toe plate are quite 

correctly placed in relation to one another. It is hardlv 

to pom a« fte slid, d» ca™„ pUte^il 
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should not be shut after it has once been opened until the two 
photographs have been obtained, as otherwise the plate is 
certain to be moved ; it is necessary to cover the slit with a 
piece of black paper, which is removed during the exposing of 
the plate ; or, better, the draw slides described upon p. 52 may be 
used, and will be found to be extremely useful for the purpose. 
When a photograph of the standard and the unknown spectrum 
has been obtained in this way, it only remains to measure the 
relative positions of the known and unknown lines from which 
the wave-lengths of the latter may be computed. 

A word may be said here regarding the choice of the standards 
of comparison. The most satisfactory use of these is the 
spectrum of the iron arc, although it entails perhaps more 
trouble, owing to its being of so complex a nature. This spec- 
trum, however, is not always available, owing to the want of 
the necessary appliances, and, further, its complexity renders it 
unsuitable for use with instruments of small dispersion ; some 
other light source must then be used. The spark spectnim of 
iron is convenient, and serves very well ; a very good spectrum 
is given by an alloy of cadmium, tin, and lead, as has been used 
by Hartley. The alloy is made by melting the metals together 
in molecular proportions, and its spectrum consists of a number 
of lines fairly equally distributed over the spectrum. Sparks 
from a coil with a Leyden jar in parallel are passed between 
two poles of the metal in question. 

Some difficulty is often found in obtaining a standard 
spectrum which is sufficiently rich in lines in the red and 
orange regions of the spectrum. The iron arc contains many 
lines in these regions, but it is necessary to employ very strong 
electric currents in order to bring them out with sufficient 
intensity to make the photographing of them feasible. A 
current of at least 10 — 15 ampbres is required, and under these 
circumstances the iron poles burn away very fast. The wave- 
lengths of the lines in the arc spectrum of iron have been 
measured by Kayser and Runge’^ to as far as X = 6750. The 

* Ad//ami. iSiiS, Also Watts’s /W av Appendix . 

C, p. I. 
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spectrain of the new gas neon is also very rich in rod rays, nnd 
therefore this gas serves extremely well as n. standard for 
the red, orange, and yellow regions of the spectrum. Tlie 
wave-lengths of the principal lines belonging to this gas are 


as follows ; * — 




6302'4o 

6217*50 

6096-37 

5944-yi 

6383-15 

6182*37 

6074-52 

5882-04 

6328-38 

6163*79 

6030-20 

5853-65 

6304-99 

6143*28 

597578 

5764-54 

6266-66 

6128*63 

597473 


"When the standard of comparison lias been chosen it is 
necessaiy first to take a photograph of its siicctnmi and 
calibrate it, as it were, by marking as many as possible of the 
lines of known wave-length, preferably writing the wave-lengths 
against them upon the plate j this saves endless trouble in 
future work, and the plate serves as a reference plate. This 
recognition of the lines is rather troublesome, especially in 
the spectrum of the iron arc, for any one who is not familiar 
with the general appearance of the spectrum. If it prove 
impossible to recognise any line or group of lines of known 
wave-length, it will be a good plan to photograph the iron 
sp^t^ and some familiar spectrum, such as* that of hydrogen 
or helium, alongside of it; the hydrogen or helium linos will 
dien act as l^dmarks from which some of the iron lines may 
be recognised. For example, by the F hydrogen line will bo 

4870-6, and on the 
w W “u V of tho in>n 

^ <Sr fo-Oine » line, ,=co 8 ‘ Wn* 

It m-t, of co^, W 

o. 'sfSij'T *» tSS (.9031 ; «d 
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A description may be here given of the micrometer 
apparatus used in the above and in all linear measurements of 
photographs of spectra. 

The most common type in use is the travelling microscope, 
which consists of a microscope mounted on a slide which 
accurately works in grooves, and is actuated by a micrometer 
screw. The length of travel of the slide is usually about six 
inches, which is quite sufficient for all ordinary work. The 
micrometer screw, which is cut and corrected as described on 
p. 541, is mounted on the frame of the instrument, and works 
in bearings so that it cannot move backwards or forwards j it is 
provided with a large divided drum-head and also a milled 
wheel for turning it The drum-head is, as a rule, divided into 
a hundred divisions, which can be easily read to a tenth of a 
division, so that, if the screw is cut with a pitch of one millimetre, 
the movement of .the microscope can be read to a thousandth 
of a millimetre. The whole is fixed to a massive stand in 
order to have the instrument as rigid as possible. Under the 
microscope is a support upon which the plate rests, and there 
is also provided a travelling mirror /or illumination. The 
microscope proper is of quite low power, usually about twenty 
diameters ; if a higher power be used the spectrum lines will 
become too magnified and difficult of measurement. The 
instrument is shown in Tig. 54. 

In the eyepiece of the microscope, which is of the Ramsden 
design, one or two spider webs are fixed, one of which in 
taking a reading is adjusted upon the centre of the spectrum 
line. Under the best conditions of definition and sharpness 
of spectmm lines it is possible to determine the position of a 
line to 0*001 mm. Kayser ^ has designed a similar micrometer, 
which is provided with certain mechanical arrangements, by 
means of which the reading of the micrometer and the intensity 
of the lines can be printed upon paper tapes ; this is done by 
pressing certain keys similar to those of a typewriter, so that 
the eye need not be removed from the microscope during the 
measurement of a plate. 


' Handbuch der Spectroscopic, i. 644. 
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determination of wave-length, it is necessary to test each one 
•with the view of finding whether the standard and the unknown 
spectra are correctly situated with regard to each other. In 
order to permit of this being done, it is advisable to arrange 
that the unknown spectrum should show some known lines ; for 
example, in tlie case of a gas in a vacuum tube a small quantity 
of hydrogen may be allowed to be present, or, again, in the 
case of spark spectra the air lines will serve the same 
purpose. 



Mg. 55. 

In spark spectra also one electrode may consist of a metal 
whose spectrum is perfectly known, while the other electrode 
consists of an unknown substance. These known lines are 
picked out and their wave-lengths determined by reference to 
the standard spectrum. If the values so found agree with the 
known values, well and good ; if not, the plate is of little use. 
It is true that we may construct a table of errors to be applied 
to the new spectrum, but this is a risky proceeding. When 
some good plates have been obtained in which the two spectra 
are correctly placed, these may be measured. It is first of 
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the wave-lengths are based upon Rowland’s map, which at the 
present time is still the adopted standard. 

Care must be taken in making the measurements to adjust 
the pkle properly under the microscope, and to see that the 
direction of travel of the microscope is parallel to the spectram, 
or rather the junction of the two spectra. 

Another very important point to be remembered is the 
necessity of guarding against backlash in the measuring 
instrument, for all these instruments show it to a certain 
extent j the nut working upon the micrometer screw and 
carrying the microscope is never tightly clamped upon the 
Sttew, with the result that if, after turning the screw in one 
direction, the motion be reversed, an appreciable fraction of 
a whole turn will have to be given to the screw before 
the nut starts moving back. For this reason it will be 
found that with a travelling micrometer different readings 
will be obtained, if one approach the line from first 
one side and then the other. It is necessary, ther efore, 
in measuring the lines, always to approach them all from 
the same side, that is, of course, the side nearest the starting- 
point 

In making an actual measurement, the cross-wire in the 
eyepiece is moved forwards until it be judged to bisect the 
chosen line; if by any chance it be moved too far, it must be 
brought back some distance and the line approached a ga^n 
When a sufHcient number of lines in the standard spectmm 
have been selected for the purpose of comparison with the 
lines to be measured in the unknown spectram, the first of 
these is carefully adjusted under the cross-wire of the eyepiece 
of the micrometer, when set at zero. It is a good plan to 
label the chosen standard lines in some way, so that they 
can be recognised through the microscope, as otherwise 
mistakes may occur when the standard is very complex. When 
the first standard line is properly adjusted, the microscope is 
moved along the whole length of spectrum required, or as 
much as is possible, each chosen standard line and 
unknown line being measured on the way. 

A considerable amount of trouble is saved by using a 



146 


SPECTROSCOPY 


travelling microscope Tnth a long travel, even with i)rism 
photographs, because of the fewer times that the plate has* to 
be moved and readjusted under the zero of the instrument. 
If, however, a micrometer with a very short travel is employed, 
as, for example, a travelling wire micrometer eyepiece, then the 
photograph must be frequently moved, and a new standard 
line adjusted under the zero of the instrument. In calrn- 
lating the wave-lengths from the measurements of tlie liiie.s, 
proportional parts are taken between two standard lintrs 
which are not very far apart. For example, the following 
may serve as a typical record of measurements of a spectrum, 
the standard of comparison being the arc s|^ectrum of 
iron : — 


Scale reading of 
snerometer. 

Ware-lengths of 
standard iron lines. 

Proportional parts 
of wave-lengths. 

Wave-lengths. 

Krrois. 

O 

3821-32 

0 

(3821-32) 


337 


1*82 

3823*14 


420 

604 

3824-58 

2*27 

3*27 

38 * 3 'S 9 

3824-59 

-f 0-01 

934 


5-04 

3826*36 

1024 

1229 

1561 

2047 

3727 

3814 

3827-96 

8 ’42 

II '04 

20'n 

20*58 

3826- 85 

3827- 94 

3829-74 

3832-36 

3841-43 

3841-90 

— 0*02 

5292 - 

jt 

3843-40 


(3843-40) 


4029 


3-98 

3847 ' 3 « 


5339 

5413 

01Q4 

. 3850-11 

673 

7 ’i 4 

3848-55 

3850-13 

3850-54 

4 0*02 

6«i8 

3856-49 

10-83 

J3-09 

3854-23 

3856-49 

o*cx> 

7356 

S216 

3865-65 

15-10 

17-61 

(22-25) 

3858-50 

3861-01 

(3865-65) 
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proportional parts expressed in wave-lengths; these have 
been calculated in two sections, between fBi^„two iron lines 
A. =3821-32 and A. = 3843-40, and between X = 3843-40 and 
X = 3865*65. The first proportional part is therefore equal 
to — 

X ( 3 ^ 43‘40 - 3 S 2 I‘ 32 ) Angstrom units, 
and the second to — 

^^5 X (3^43*40 - 3821-32), and so on. 

The fourth column contains the computed wave-lengths ; 
these are obtained by addition of the proportional parts to 
3821*32 in the first section, and to 3843-40 in the second 
sectiqn. The wave-lengths of the intermediate iron lines are 
calculated along with the rest, and the fifth column contains 
the errors in these wave-lengths. It will be readily seen that 
these errors will give a general idea of the accuracy of one's 
work, for the presumption is, cefens' jfaribm^ that the same 
order of error is affecting the measurements in the unknown 
spectrum. 

In measuring the lines in a spectrum notes should be made 
of the intensity or brightness in each case. The estimation 
of the intensity of lines in an emission spectrum is troublesome, 
owing to there being no satisfactory method of comparison ; 
as a general rule, at the present time we mark the lines of 
greatest brightness as having an intensity of 10, and the 
weakest as having an intensity of i ; the other lines are then 
given an intensity varying from 9 to 2, depending upon their 
estimated brightness. This is the standard fixed by the British 
Association. In other countries different systems are frequently 
used ; for example, sometimes the intensity of the brightest 
lines is put = i, and the weakest =10, thus reversing the 
above. The , estimation of brightness is thus arbitrary, and 
it will be found that observers sometimes differ considerably 
in the values they assign to the intensity of a line. It must 
not be forgotten that sometimes a line of an emission 
spectrum is reversed in a photograph, the centre portion of 
the line being wanting on the plate. In measuring such a 
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surfaces; a long train of images due to multiple reflections is 
generally visible. These images are brought into coincidence, 
and then, on examining a sodium flame through the apparatus, 
interference bands will generally be visible. The final adjust- 
ment for parallelism is made with the help of these bands, 
which should be made as broad as possible. In carrying out 
this adjustment, the film is held as close as possible to the eye, 
because for a parallel air film viewed normally the interference 
bands are formed at an infinite distance. The perfection of 
the results finally obtained will depend greatly on the accuracy 
of this adjustment. 

The slit of the spectroscope is illuminated by a slightly 
convergent beam of light from an arc lamp, and the plates are 
placed in front of the slit, and as near to it as possible ; under 
these circumstances the spectrum will be found to consist of a 
series of bright lines separated by black intervals. The best 
results will be obtained when the plates are in such a position 
that the slit is parallel to the direction of the interference 
bands seen with sodium light. The closeness of the bands 
depends upon the thickness of the film between the silvered 
surfaces. It is well to introduce some common salt into the 
arc in order to obtain the D lines, as well as the H and K lines, 
superimposed upon the fringes. By means of draw slides, or 
screens upon the slit, these interference bands are photographed 
adjacent to the spectrum which is to be measured. 

As the interference bands are due to the interference of the 
directly transmitted ray, and that twice reflected from the 
surfaces of the film, it follows that, if d be the thickness of 
the air film, and ijl the refractive index (supposed independent 
of wave-length) — 

2/jd = u\q = (n -h i)Xi = (u -f- 2 )A.j ... = (;/ + 

where Xq, Xj, A^, etc., are the wave-lengths corresponding to 
the bright bands, and 71 is some whole number. We have, 
therefore — 


= (« + 



w'hence 


(0 
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ISO 

is the .«th towards the 
corresponding to V We have. also. W 


X 

u + r’ 


• (2) 


p“ ^ph^tf.fSL“g, ““ ■»'- 

Scale-reading 90-2, wave-length S328-s(X,). 

” ” .. ., 3968-6(X,„). 

Then, in equation (i) 


and A,- 

and therefore 


m sz 402*3 — 90*2 =r 312*1 
K = 13S9'9. 

« = 9 1 08. 


Again, to find the wave-length of the line 
IS 37 1 -2. Then, in equation (2)— 


whose scale reading 


f - 37 i ’2 — 9o'2 = 281 
and X. = ^ ^ 5328 \s 

^ 910-8 + 281 

= 4072-2 


The true n-ave-length of the line was 4 o<»t-s • 
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In words, the oscillation fre- 
quency is a linear function of r, 
Le. the relation between L and r 
may be expressed by a straight 
line. The frequencies of a few 
lines at each end of the photo- 
graph are plotted against their 
scale readings, and a straight 
line is drawn through the 
points thus obtained. From 
this straight line the oscillation 
frequency of a line can be 
found at once from its scale 
reading: 

There is no need to take 
a separate photograph of the 
interference scale for every 
spectrum to be measured, for 
it is clear that this will be 
always the same, provided that 
the adjustments be not altered 
in any way. If the D lines 
are superposed on the original 
interference scale, and occur 
in every succeeding spectrum 
photograph, it is only necessary 
to fit the interference scale on 
to the spectrum' photograph so 
that the D lines coincide ; the 
position of the spectrum lines 
can then be read on the scale 
with perfect accuracy. 

A prism photograph, with 
the bands adjacent to it, is 
shown in Fig. 56. 
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small changes -in k produce proportional changes in 6 , or, 
in other words, the spectrum obtained is perfectly normal. 
Although this is only strictly true when cos 5 = i, yet, as cos 6 
varies so little from this with small changes in 6 , it holds good 
for some distance on each side of the normal. It is quite 
easy to calculate how far it is possible to work from the 
normal within a given limit of accuracy. For example, if the 
accuracy required is i part in io,ooo, it is necessary that cos 6 
do not have a smaller value than i — o'oooi = 0*9999, and, 
therefore, that 6 have no larger value than 48'. The spectrum 
is thus normal within i part in 10,000 when the angle of 
diffraction is less than 48'; similarly, it may be found to be 
normal with an accuracy of i in 1000 when the angle of 
diffraction is less than 2° 34'. 

The values of the dispersion when ^ = o may be calculated 
for gratings having the usual values of 3 . As at present made 
the Rowland gratings are usually ruled with 20,000, 14,438, or 
10,000 lines to the inch, that is, 7874*1, 5684*4, or 3937*1 to 
the centimetre. The dispersions of the three gratings (when 
6 ^ o) are, therefore, X 7874*1, X 5684*4, and X 3937*1. 
As an example, we may calculate the angular difference between 
the two D lines in the second order with a 20,000 line grating. 
Taking the difference in wave-length between the lines as 
0*006 X 10“*'' cm., the angle between them will be 2 x 7874*1 
X 0*006 X 10”** = 0*000945, which is 3' 15" of arc. 

It can readily be seen from equation (i) that the spectra 
of different orders are superposed upon one another, for, with 
any position of the observing telescope, that is, with a fixed 
value of i and it follows that X* = 2\" = 3X'" = 4X*’', etc., 
where X', X", X'", X*'', etc., are the wave-lengths in the first, 
second, third, fourth, etc., orders. The different orders are 
thus superposed upon one another, and the wave-lengths are 
inversely proportional to the numbers of the orders. On wave- 
length of 9000 A.TJ. in the first order are superposed 4500 in 
the second order, 3000 in the third, 2250 in the fourth, and 
similarly for other wave-lengths in different orders. It also 
follows in the same way that the linear lengths of the spectra 
are proportional to the numbers pf the orders. 
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An expression for the resolving power of a grating was first 
given by Lord Rayleigh.^ The resolving power of a spectro- 
scope is defined as ratio where dk is the difference in the 
ak 

wave-lengths of two lines just separated by the instrument, arid 
X the mean wave-length of the pair {^nde p. 72, etseq,). J^ord 
Rayleigh obtained the value of this expression as follows : — 



If in Fig. 57 AB represents tire 
whole grating, and BP the princi- 
pal direction of the diffracted rays 
for the wave-length X in the jwth 
spectrum, then, if the perpen- 
dicular AD be drawn, the length 
BD, or the relative retardation of 
the rays from the extreme grating 
apertures, will be equal to tnnX. if 


Fig. 57. n be the number of apertures in 

the length AB. BQ is then 
drawn so that the projection of AB upon BQ, that is to say 
BE, is equal to Now, BQ will be the prbcipal 

direcuon for a wave-length X-|.<fX, and therefore BE must 
equal mn{k + dk). 


It follows that — 
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one another. For example, if the retardation be equal to one- 
hundredth of a wave-length, the waves from the first and fifty- 
first apertures, the second and fifty-second, etc., will interfere, 
and, therefore, if the apertures be sufficiently numerous, total 
interference will take place, except when the retardation between 
the waves from adjacent apertures be equal to an exact number 
of whole wave-lengths; the greater the number of apertures, 
therefore, the better the interference on each side of a bright 
line, that is to say, the better the defining power of the grating. 


The equation 


k _ 
'dk~' 


can also be arrived at directly from equation (i). Multiplying 
both sides of this equation by n, the number of rulings in the 
grating, we have — 

mnk = /(sin i -f sin 6) 

where f^hn^ the width of the grating, being the product 
of the width of the grating spaces and the number of them. 

By differentiation (sin i being constant)— 
fnndk = /cos B dO 

and mn =/cos ^ 

Now, /cos 0 is the diameter of the beam of diffracted rays 
leaving the grating, calling this a as before (p. 73 ), 

dB 

Then mn = 

It was shown previously in the section dealing with the 

resolving power of pnsms that ^ 

J 1 L ^ / \ 

and thus we have mn = ( 3 ; 

This equation shows that the resolving power of a grating 
depends directly upon the aperture, and that the grating is, 
therefore, quite comparable with other optical instruments. 

If now in the equation nmk =/(sin i -f- sin 6 >), r be sub- 
stituted for 7nii} then — 

^ Wadsworth, FhiL Mag. (5), 4 . 8 . 317 (1897). 
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the first order spectrum will be obtained with the first grating 
in the same position as the second order spectrum with the 
second grating; the resolving power will be identical in the 
two spectra. It thus follows that, provided the values of / and 
6 do not change, increasing the number of lines in unit length 
of grating surface does not increase the resolving power. 

At the same time, it may be noted that there are certain 
advantages to be derived from using a grating containing a 
great number of rulings rather than one which contains fewer. 
One is thereby enabled to work in the lower orders and still 
obtain high resolving power ; as stated aboveTa^limg'' with 
20,000 lines to the inch will give the same resolving power in 
the first order as a grating of same size with 10,000 lines to the 
inch in the second order, because the values of the angles of 
incidence and diffraction are the same in each case. Now, two 
very decided advantages would be obtained by using the 
20,000 line grating and working with the first order. First, in 
all probability the amount of light will be greater in the first 
than in the second order^ and second, there is less complica- 
tion arisihg from superposition of spectra in the first order 
than in the second. Further consideration, perhaps, will render 
this second advantage more explicit. If we work in the first 
order spectrum we will have the region from 2000 to 4000 
A.U. practically free from contamination with higher orders, 
because superposed on it will be the second order spectrum 
^m 1000 to 2000 A.U., which cannot under ordinary sub- 
stances be photographed. The region from 4000 to 7000 A.U. 
will have superposed upon it the wave-lengths 2000 to 3500 
A.U. in the second order, the third order being still photo- 
graphically inactive. It is possible, therefore, to photograph 
the first order spectmm without any contamination with higher 
orders, from 2000 A.U. to at least 4000 A.U., and from 4000 
A.U. to 7000 A.U., by using an absorbing layer of plate-glass, 
which will entirely cut off the superimposed second order. 

When working in the second order, however, the con- 
tamination by the spectra of other orders is very troublesome, 
because it is impossible to photograph the second order in any 
region without the use of absorbing layers ; in those regions 
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will attain its highest possible value. In a direction BP, 
making a very small angle with BC, the agreement in phase 
will be disturbed. Drop the perpendicular AT), and then if BD 
equal one or any whole number of wave-lengths, there will be 
equal numbers of secondary waves at opposite phase proceed- 
ing in the direction BP, which, when brought to a focus by the 
lens, will have as resultant nil. If, however, BD be not equal 
to any multiple of X, the resultant of the secondary waves will 
have some value which may be obtained as follows. In the 
first place, the phase of the resultant will necessarily always 
correspond with the phase of the secondary wave which issues 
from the ether particle or element in the middle of the aperture. 
If E be an ether particle lying in the aperture and EF the wave 
transmitted by the element at E, it is necessary to find the dis- 



Fic;. 58. Fig. 59. 

turbance produced at the focus of the lens by the elements lying 
along EA and EB ; the sum of these will give the amplitude of 
the resultant at the lens focus. Consider the element at G, tlien 
clearly the secondary wave GH is retarded upon the wave E¥ 
.^..'by the amount GK, that is to say, the vibrations leaving Cr 
.are a little later in phase than the vibrations simultaneously 
leaving E. , Let the radius al^ in Fig. 59 represent the amplitude 
of the vibration due to the wave from the element E, and 
the arc he the short space of time the wave leaving the element 
G is behind this, then the perpendicular cd represents the 
amplitude of the vibration due to the element G. Let the 
angle hac = this being the angular retardation of the wave 
from the element, G ; now cd = ah cos and, if the amplitude 
ah of the central wave be put equal to unity, cd = cos x ; that 
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rSdST.'; f' The ampltode 

the Rseltent, therefore, at ihe foca, „f fte fens, 
to the sum of all the <li*„,ba„ce. eos ,^ 1 ?. 

““ « G to 'the ,hofe 

esh^r^v^ftom elS?atTaS''r«.'’“T“. 

will liave ^ ^ clearly we 

AB^y 

when X is the relative angular retardation nf fw/N i 
separated by a distance^. of two elements 

By differentiation and rearrangement of terms— 

dx dy 

R *Ag' 

snbatitutmg^ for J fe the eipression for the amplitude we 
tee that the amplitn* of the resultant i, sum of the 
disturbances cos x X 

.he.^:K\\~reriorr^i-r:2^ 

eatren.. elenrenB at A and B, | fe 

atT“ltfeLtrS“I.^^ “"r“’^>'and fte «>«■»•«■ 
side of the central one at ** elements lying on each 
central one at E, a „u„ feetease as one gets 

fertoerhomJinntUitreachesfm. onesldeand - *on d.e 

tu •he.amplitnde of Ute Lrltant 

htm all d» distnrh^ce. »» aSV pt!wS’Ss'S1Sh!: 

values between and 4- — tko m 

* ^ a ■ resultant amplitude is. 
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therefore, given by j _ ^ cos x if the amplitude in the 

principal direction BC = i. This expression on integration 

■ ^ ^ L • 1 » 

- sm 2" -r - , which is the amplitude required. 

Considering the interference bands produced by such an 
aperture AB, the intensity of the central image when R = O 
is equal to unity; the first minimum corresponds to the 
condition that BD = X, that is to say, that R = aw, when the 
resultant amplitude is zero. The first maximum obtains when 


BD = §A. and R = 3ir ; the amplitude is then equal to - and 
/ 2 

the intensity to • For the second minimum R = 4ir, and 


thus the amplitude is again zero; similarly the second and 

third, etc., maxima have an intensity of » clc. It 

is evident that the illumination falls off very rapidly on each 
side of the central image ; for example, if AB be 25 mm. and 
X be 5000 A.U., the angle 6 corresponding to the first minimum 
(BD = 5000 A.U.) will be about 4". 

The effect of the ruling may now be examined, and let us 
suppose the grating to consist of transparent bars of width 
(Z, alternating with opaque hars of width In the principal 
direction BC, the secondary waves are, of course, in complete 
agreement of phase, but their amplitude is diminished in the 
ratio of a to a -I- d. The central image of a line of light 
obtained with a grating is the same as if the rulings were 
absent, with the exception that the intensity is less in the ratio 
of to (^z + d)^. As regards the maxima on each side of the 
central image, these occur when the retardation between 
corresponding waves from adjacent apertures is equal to any 
multiple of X, that is, when BD in Fig. 59 is equal to /mX, 
where m equals the number of the maximum counting from 
the centre (the order of spectrum), and « the number of 
apertures. On either side of the maxima the illumination is 
distributed .according to the same law as for the central image, 
and vanishes when the retardation amounts to ;////X = X. ’ 


T. p. c. 


u 
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In considering the brightness of the maxima the effect of 
each aperture of the grating is the same. When the aiKjrture 
AB was plain and had no rulings the angular retardation R 

between the two extreme elements was equal to 271 ^, where 

z = BD, the projection of the aperture upon the dirc<!tion RC ; 

. ^ , , as 2amic 

in the present case R becomes equal to 27r ^ ^ ^ 

where ;// = ^ = order of spectrum. Substituting this value for 

R in the integral deduced above, we have for the ratio of 
brightness— 

P P _ / /■+ . 2amtrY 

Rw • Ro I J X dx , ^ ^ j 

/ a + d\^ . „ awir 
"" \ amv ) ^ 

where B,^ and B^ are the brightness of the wth spectmm and 
of the central image respectively. 

If B represents the brightness of the central imago when 
the whole of the grating aperture is transparent, 

Bo:B = a^:(a + d)^ 
and : B = 


^2^2 sin ^ - 


As the sine of an angle can never be greater than unity, it 
follows that under the most favourable circumstances only 

T spectrum''* If 

now ff = <f, then the formula becomes— 

so that whffl « is even, B„ vanishes, and when w is odd, 
“ ' ^ these circumstances the first order spec- 

6 mira of the original. In general 
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it is dear that the brightness of a spectrum vanishes when 

. affiTT . , amTc 

®> is the case when — aw, 357, etc. 

The spectra will therefore vanish for which m = 2 

, , a a 

d d 

3 etc. If, for example, « = 4. then the 5th 

loth, 15th, etc., spectra will be wanting. 'F inall y^ if a he 
s^l compared with a^d, then, except for the higher orders, 
the above expression may be simplified to— 



that is to say, the brightness of all the spectra is the same. 

Ihe above equations show that in no case can the bright- 
ness of a spectrum exceed that of the central image; it must 
be remembered, however, that this result depends upon the 
hypothesis that the lines of the grating act by opacity, which in 
practice is very far from being true. In an engraved grating 
there is no opaque material present by which light can be 
absorbed, and therefore the effect depends upon the difference 
of retardation due to the alternate parts. If, for example, a 
grating were composed of equal alternate parts, both aUlff 
transparent but giving a relative retardation of half a wave- 
length, the central image would be entirely extinguished, while 
the first spectrum would be four times as bright as if the 
alternate^ parts^ were opaque. In the case of metal gratings 
the case is similar, and effects are produced by the reflections 
from die grooves, so that the character of the latter has great 
influence. 

Rowland ‘ has obtained an expression for the brightness of 
the lines of the spectra, which shows that the intensity is a 
function of X as well as of m, so that the distribution of 
intensity in any grating spectrum may vary with the wave- 
length, and the sum of all the light in any one spectrum of a 
white source need not be equal to white light. On the basis 

' “Gratings in Theory and Practice," Astronomy an! Astrophysics, 12. 
129 (1893). 
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of this work he was able to explain the fact, often observed, of 

f spectrum to the detriment 

f the others, and also the excessive brightness of one particular 
colour m one spectrum. Rowland points out that if the 
^e a single groove the lower orders will be the brightest, 
but if It rule several Imes at once then the higher orders can 

in 

It Will generally be found, therefore, that a grating gives 
imequal spectra, that is to say, certain spectra brighter than 
otteraj very often Ais is noticeable on comparing the spectra 
obtamed on each side of the normal. ^ 

arof-* “ “otice that the resolving power of a 

of the ruling, which must 

Rayleigh com^s two gratings which have the same amount 
of rded space but one with 1000 lines and the other with 1001 
t ^^^^’^o-lo^gths of the two D Unes are practically 
different by a thousandth part, it is evident that the firsi 
^ting would produce the same deviation for the D. line as 
the second grating would for D^. If now the two gratings 

so t^t in a gratmg which is required to resolve the D lines there 
^st be no irregularity to the extent of a thousandth 

« “ « V lo a later paper » Rayleigh 

coSUonSSg^S^irfi^^l® difference in the principal directiL 

SS a T o^oh line lies 

S o ^braTgn " n position, 

btain an equally good result in the wth spectrum, the 

error must be less than 1 th of this amount. It must not, how- 
S'aZseT'^Se TZ' are unobjeclion- 

=2-S=rSrS 

*93 (1874). 

Article : Wave Theory.-’ p. 438. 



THE DIFFRACTION GRATING 165 

band, just as the accuracy of astronomical observations far 
transcends the separating power of the instrument.” 

As regards the effect produced by errors of ruling, those 
arising from periodical errors may be mentioned. By periodical 
errors is meant the continually repeating of some false ruling ; 
this usually arises from some defect in the ruling machine, 
which occurs at every revolution of the screw. The effect of 
errors of this kind is to produce false images of lines, which are 
called “ ghosts.” With a good grating these ghosts are often 
non-existent, but they may in cases assert themselves so much 
as to render a grating useless. It is the bright lines which 
most readily, of course, give rise to ghosts, and the latter may 
be recognised by their appearing as weak lines symmetrically 
placed on each side of the brighter lines. Rowland^ has 
investigated the general theory of the effect of errors in the 
ruling of gratings ; as regards the ghosts arising from periodic 
errors, he found that the intensity of the ghosts of the first 
order is proportional to the square of the order of the spectrum 
considered, and to the square of the relative variation from the 
true grating interval. Small spacing errors produce diffused 
light about the spectrum lines, which is taken from the lines 
themselves {c/ , Bell, vide p. 43), and its amount is proportional 
to the square of the relative spacing error and the square of 
the spectrum order. A periodic error takes a certain quantity 
of light from the principal lines and distributes it symmetrically 
as a system of lines. The intensity of the ghosts and of the 
diffused light rapidly increases with the order of the spectnim. 
Rowland has calculated the relative brightness in three cases 
of the first order ghosts, which are as follows ; — 


Relative 

1 Relative brightness of ghosts in— 

error. 

First order. 

Second order. 

Third o: 

h 

k 

A 

i 

k 

•ih 

83 

k 

1^ 



ilit 


^ Loceit, 
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the that is to say 

stdS 7. 7r“ ^ W ‘he correct 

will ff^'p v' ’w ®®®”.‘h“t i“ the first case very strong lines 

r^er^thP f ! “ the third 

bShtn« ^5T “ one-seventh of the 

7 T 7 ^‘”“-«t°“gh. perhaps, to render 
*sibK thrS“^' ? the ghosts will be 

in the third^a,prK “ ‘he second; while 

orders. ‘he first three 

The Concave Grating.-This type of grating was first 

uDon7n consists of a grating ruled 

ftp n V spherically concave surface of speculum metal 

the rulings being equally spaced upon the chord of the arc not 

Srg if^fte’^^^H T t" caL of su^h a 

ference of a P^ttmg and slit are placed upon the circum- 

of f"^'“ “ “f ■1'= “'ll” «f 

^rvaftre of the gratmg, the spectra are also focussed round 

he circumference. There is thus no need for lenses with 

suMriStr^v* a fact which at once shows their immense 

by^owknd’rme7o77r^K^^"® ”®""ted 

at the crl ^ photographic plate 

at fte centre of curvature, .so that the spectra are normal this 

gratmg has proved to be one of the finesrspect” scodc 
machmes ever produced. spectroscopic 

of fte^7 (Jrating.-For the complete theory 

suited for text-book must be con- 
sulted, for It IS too mathematical to find a place here. Certain 

S'S iHhe fi ^th the practical working may 

®T T; T> I * to find the focal curve. 

focuffiS at ftf diffracted, and are 

By the general mtl” “aking an angle of diffraction $, 

= ^ ^ A® “ P“t as usual 

O aU nn vj” ^ ^ ^ being negative because P and 

Q ™ on opposite nde. of the «o.n»l. Let AC end BC be 
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the normals at A and B ; these will meet at the point C, which 
is the centre of curvature of the grating. 

Considering the two rays PA and PB, these are incident at 
angles i and / + di^ that is to say, the angles PAC, PBC are 
equal to i and i -f- di respectively ; similarly the two angles of 
diffraction QAC, QBC are equal 
to d and 6 dO respectively. 

Let us further denote the angles 
at P, C, and Q by the letters x\ 
and jsr, then in the two tri- 
angles PAE and CBE x + i 
— y + i + di^ and similarly in 
the triangles CAF, QBF y + 6 
= -f" ^ 4“ dd^ 
therefore di=^ x ^ y 
and dd = y — 3 . 

Now, if the light from P be 
homogeneous, it will be seen that, since Q is the focus of 
the diffracted rays from P, sin I — sin 6 in the equation ///\ 
= ^(sin i — sin 0) is a constant ; by differentiation, therefore — 

cos idt — cos Odd = o. 

By substitution of the values found above for dt and dO^ we 
have — 

cos t{x — — cos — a?) = o. 



Fkj. 60. 


By putting AP = r, AC = /o, AQ = s, and AB = we have- 

b ^ h . h . 

X = - cos /, y = - and ar = - cos 0, 
r p s 

By substitution of these values in the last equation, we have “ 
Jd cos i d\ (b b cos 6 \ 

COB{-~--)-COSe[-- ). 

multiplying out and dividing throughout by b— 

cos*-* i cos i cos 6 cos*-* d 

— — ■ ^ =0, 

r p p ^ s ’ 


s o : 




rp cos^ d 

r(cos i + cos d) - p ('.os’-* /' 


whence 
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of S Q “ z. ; .v. ! r 

the nnint n ^ ^ ^ ^long any curve 

c«.B«, Jf„c,i XZme Q ”f 

»».d = d„d. . aia^eS e,L 

cos i. 

Substituting this value of r in the last equation we have- 
•«• = p cos d, 

SZZSZ '”7' “1“” • =“e with 

g j -1 Other words, when the source of li^ht 

Z.“dSk"“ *» h sxz 

-wirssZbeat 

Fig 6i ’ ^ grating is shown in 

Let us consider again the wave-length equation- 
m\ = ^(sin i + sin Q). 

Wh subsdwe for « the 

ztZT.:vxr,.'^%T:zz'iz^S' 

*“efore = /. sin f + ^ sin 

Differentiating, sin / being constant, '' 


and therefore 


indx = - CQs^dp 
P p-^ 

mp 

— 



™. .ho.. th.. 




being inversely proportional to its order. This has already 
been proved before. Furthermore, the equation shows that the 
dispersion is a minimum when / = o, «>. at the centre of 
curvature of the grating ; the linear dispersion is then equal to 
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'"P j • 

^ , an IS constant; that is to say, the spectrum is normal at 

m normality is equal to • the error 5» ft, r 

2/^mp^^ therefore pro- 

^rtional to the cube of the linear distance from the centre of 

e p otographic plate. An example may be given of this 

a t eV:rV- g-'ng attS 

n me market, b = o 000127 cm. and /> = 650 cm., and putting 

to ™“T- ‘ 

■ ^ = L>LL£l!!j<*42<i65o)» 

0'OOOI27 

and/ = 8 cm. nearly. 

0 t(fej W pkotogmph .6 cm. „f Ae j„, 

curJamre^orthe^'^*!-^^'^ produced, at the centre of 

curvature of the grating, r.r. when « = o, we have- - 

wX = ^ sin i, 

sin/ = '^^. 
o 

P- 3 ) IS equal to p sin /, and if p again be put equal fo the 
radius of curvature, this distance therefore = that is to 
say. in any given order it is directly proportional to the 
‘ Kayser, Jffandbuch der Spectroscopie, i. 466. 
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wavelength. It is possible, therefore, to mark off on the 
grating rail a Unear scale on which the wave-lengths may be 
approximately read oflf from the position of the eyepiece. It 
is important to notice that this scale is the same as the 
normal scale of the spectrum obtained upon the photographic 
plate at the centre of curvature j for if the distance from 

slit to eyepiece be put =^, then ^ which is the value 


of the linear dispersion upon the photographic plate 


pm 

P 

b cos “ 


when cos cos 6 = i, i.e when ^ = o. This constant 

is called the scale of the instrument, and for the largest 
gratings of 650 cm. focus and 20,000 lines to the inch it is 
equal to 5^1^100 in the first order j a change in wave-length 
of I A.U. means therefore a change of position on the plate 
of about o'5 mm. in the first order, and m times this in the 
»/th order. It follows from this, and what ha? gone before, 
that it is possible with Rowland’s largest gratings to photo- 
graph upon one plate a range of 320 A.U. normally, with 
a maximum error of A.U. 


It may again be pointed out here that this scale is perfectly 
constant over the whole range of the instrument, so that all 
photographs taken with it are absolutely comparable with one 
another, a fact which alone upholds the immense superiority 
of the concave grating over any other spectroscopic instrument. 

It must not be forgotten that this method of mounting puts 
a limit upon the spectra which can be observed. As a general 
rule, the largest workable value of the angle of incidence is 
about 70”; above this the angular aperture of the grating falls 
so rapidly as to m.aterially decrease the illumination. Wo 
have, therefore - 


J//X. = b sin 70", 

X - 

m 

The practical maximum value of A. in the first order with a 


and 
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20,000 line grating is about 12,000 A.U.; in the second order 
6000 A.U. , in the third, 4000, and so on. With a 10,000 line 
grating the practical limits will be twice the above 

It IS thus necessary, in working with rays of great wave- 

S to compafatively few 

lines to &e inch ; it is preferable, on the other hand, to use 

close y ruled gratings when work is to be done upon the ultrJ 
violet spectra, smce it is in this way possible to gergriter 
resolvmg power in the first order, the first order being S 
with on account of the greater freedom occurring her! frTm 
overlappmg of the higher orders. ® * 

We have, lastly, to deal with the astigmatism of the concave 
grating. Since the grating in Rowland’s mounting is always 
more or less obliquely situated with regard to the incident 
light, the spectmm obtained from a pobt so,^^e of Tight ” 
always more or less wid^ed out, so that a spectrum of iSes of 
greater or less length is obtained with a point as the Hffht 
source. The greater the obliquity— that is to say, the greater 
e angle of mcidence— the more pronounced is the widening 
This widenmg is parallel to the ruling of the 
^pends upon their length and upon the Lgle of incideS "" "it 

^ been sho^i that the length of the lines whenTpoin 
source is used is equal to “ 

sin /.tan/./, 

where / is the length of the rulings on the gratinv Tn 
of Rowland’s largest grating /- c Tm ff , 
of a line at 6000 A.U. giTtn b th?;' ^ therefore, 
source, is 0-25 /= i-je cm since th T ® 

If a slit be Ld as L somcTof Tl® * 
drawn out into a line, and these lineal ? ’ 
another give a Ijne considerably longer 
K»yser gives as the leoeth ./ .a v • . “ 

speLm liaee!! ^ of *0 

s 

'cosl-®*" 

and for the whole length of the Imes 

* Kayser, ffandbueh der Sfeetroseopie, p. 463. 
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.+ sin / .tan /. /, 
cos i 

where s is the length of the slit. 

As a result of this astigmatism, “ dust lines,” whi< 4 i arist* 
from the presence of particles of dust between the slit jaws, ar<' 
not formed in the spectrum; these horizontal dust lines arc 
brought to another focus. 

This property of the concave grating renders it iinpo-ssiblc 
to obtain two sharply defined adjacent s])ectra for comparison 
by means of the draw slides upon the slit, or a comparison 



prism, as described upon p. 56, for jjrisin apparatus. I*'<u 
such comparison a mechanical method is usually uscul 
infra, j), J92), Sirks,' liowevcr, has shown mat a <*<HnpariMm 
prism can be used if it I)e placed a certain distaiUM* away ftnm 
the slit. This may be seen from. I^'ig, 62, whmv < I is a grating; 
•with a radius of curvature equal to (IC ; {hv. slit is at A, ami 
fthe incidence angle / = AGC. A beam of light is shown < orn 
ang from PP, passing through the slit at A, and foenssrd In 
the grating G at C. Now the slit A producers a vrrtical imap.r 
^t C, and there is also a horizontal focus lim; at IG’*, so that a 

* Sirks, Asiromm}* ami Astrop/tj»sic,s\ 18. yoj (tS>i 4 i. 
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EF of light at 

thljf? ^ f as a horizontal line on the plate at C. It 

herefore follows that if a very narrow right angle prism be 
placed horizontally at EF. a sharply defined narrow horizontal 
strip wiU be cut out of the centre of the spectrum atT A 
second source of light can be thrown in through this prism 

Tnd spectrum at C will Lve a narrcn^ 

and simply defined comparison spectrum running horizontally 
Jong Its centre. It is clear that the size of the prisr^ Id S 
distance from the slit varies with every position^ of C- these 
may readily be calculated. First, the distance DA~ ' 
DA=DG-AG; 


therefore 


“ cos /» p ss usual = Gc 
AG = p cos /, 

DA - p 

cos / ^ / = p sm i tail /. 


EF ^ DA 
// “AG 

and £jr - ^ 

P cos i 
= d tan® i. 

The Miohelson Echelon Diffraction Oratino. 'Pk- 

»0"M |!i™ ,E^ „f gri, 

diff^ctioa tti. initio. 

rapidly as one mounts into the higher orders ■ with th» »Ik 

gratmg the light is all concentrated into the hT.? u" 

resolving power is verv crr»,^ •!? ^ “ ”'8^ orders; the 

relative retardation betweS theT ^ echelon, because the 
scope is extrmelv tele- 

resolving power rLy be 'slid ’to del'd 
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The echelon grating is made by settmg together a series of 
perfectly parallel glass plates of equal thickness, which decrease 
in sue by an equal amount, as is shown in Fig. 63. The beam 
o parallel light is incident normally on the top plate in the 
diagram, and the rays, after 

passing through, are brought to I 1 

' a focus by a lens. The pencils . i^~l ^ ; 

ti, b, c, etc., coming from the i I | 

different elements of the grating i j | 

are retarded upon one another | • j I [_ 

by reason of the difference in i j i j' j L IZ 

the velocity of the light through j i i i i i j] 

the glass and air, and thus inter- | | j 1 j i i l I 

ference is set up at the focus of i i j • 1 j j j ^ TI 

the lens, and a spectrum is pro- •[ i I | j j Id [c i b ! a 1 

duced. It will be seen that the 1 i I 1 i i 

relative retardation between the Fig. 63. 

rays from the two extreme 

elements is very great, and, therefore, the order of spectrum 
obtained is very^ high ; and since the direction in which the 
spectra are obtained is in the direction of propagation of the 
light, the brightness of these spectra is very considerable. 



Frn. 64. 

Dispersion, The analytical expressions for the production 
of the spectra are readily obtained, as may be seen from Fig. 64, 
where only two adjacent apertures are drawn, which are quite 
sufficient for the purpose. 
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TjCt cti ^ ^ be the breadth of an aperture and / 

diffraction, $, of the 

spectra observed is very small, and if m be the order of the 
spectrum observed, then the relative retardation of the my s tf 
two interfering pencils will be equal to Evidently, there-^ 
fore, the relative retardation between the rays leavina a and d 

7n\ = (te ^ yj ae^ 

where ^ represents the index of refraction of the glass for wave- 
length X, the relative velocity in air and glass. 

Now ae=bf-bc:^bdco^B-ab€x^6 
therefore mK = — / cos ^ -f- s sin Q. 

p« = . .na 

wiX = 

By differentiation with respect to X, m being constant— 

mdk = tjy. + ^de 

and i( diA 

Substituting for vi its approximate value ~ from (,) 
being extremely small) we have 

dO 
dX 

= 

SS T^TS^i'5. S,“ 1‘1 r 

». a.. bMdft Of .p«.„ 
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By differentiation of equation (i) with respect to m keeping 
A. constant— ® 


and 

putting 

then 


XAm = 

de 

dm “ 9 ' 
dm = I 



where is the change in deviation occurring in passing 
from one order to the next; that is to say, the angle between 
the^mages of the same line in two consecutive orders is equal 

to This separation of orders is, therefore, only dependent 
upon the wave-length and the width of step. 

Resolving Power . — If <2'^, represent the angular limit of 
resolution, that is to say, the angular separation of two lines 
which are just seen separated in the telescope, then (vide 
P- 73)— 


de.=- 


where « is the effective aperture of the telescope object glass • 
but this IS equal to the sum of the width of all the steps = m 
n being the number of elements ; ’ 


therefore 




n%' 


By substitution of this value oi d 6 in equation (2), 
^ bnt 


we have 




( 4 ) 




T^he resolving power of an echelon grating is thus propor- 
tional to the total thickness of glass traversed, and for a given 
wave-length is independent of the thickness of the plates or 
Width of the steps. 

A comparison of equations (3) and (4) shows that the 

angular limit of resolution is ^th of the angular separation of 

two consecutive orders. 

T. p. c. 
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'The Intensity of Illumination, — Evidently this is a maxi- 
mum when ^ = o, because this is the principal direction of 
propagation of the light; if this be put equal to unity, the 
intensity in oblique directions will be found from the expres- 
sion — 



which is deduced in exactly the same way as the similar 
expression on p. 178. From this it is evident that the illuniiiui- 

tion vanishes when ^ ; but by equation (3) the angle 

between the images of the same line in two consecutive ordt^rs 

isalso=-. If, therefore, a line be obtained in position 

^ = o, the images of the same line in the next lower and tho 
next higher orders will vanish. 

As an example of the application of the above formuhe, an 
echelon recently made by Hilger may be chosen. For this 
instrument the various constants were — 


/ = xo mm. 
s = I mm. 

number of plates = 20 ; 
optical constants — 

= 1-5706 A = 6-5631 X 10 "cm. 

/*D = 1*5746 A = 5-8930 X 10 cm. (mean of I), and I g 
= 1*5845 ^ = 4*8615 X io~" cm. 

/Ar/ = 1*5927 A = 4-3410 X 10 ’ ® cm. 

The value of ^ for this glass at A. = 5-8930 x 10 “ as 

calculated from Cauchy’s formula as shown on p 72 is 
-71x3 by interpolation between ^ and Substituting this 
and the valuM of and \ for the D line in the coeffioiont 

(/* - i) — A, ^0 is found to be equal to 0-5746 4. 0-0410 = 
0-6165. 
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Dispersion.— Ivovsx equation (2) — 

dk %K 
d 6 

therefore = 104615 at wave-length 5893 A.U. 

putting dk = o-i A.U. = I X io-» cm. 
d 6 — o'oooio 46 radians 
= 22" of arc. 

That is to say, that the angle between two rays which differ in 
wave-length by 01 A.U. is 22" of arc. 

Separatum of Orders . — From equation (3) — 

= ^ = o'ooo 5893 radians 
= 2' of arc. 

This being the angle between the images of the same line in 
consecutive orders. 

Angular Limit of Resolution . — From equation (4) this i.s 

-th of the separation of orders. Now the number of plates 

was twenty, but the aperture of the telescope object glass is 
I mm. larger than the largest plate, so the number of effective 
apertures is 21 = «; 

therefore dda = 6" nearly, 

this being the angle between two rays in the neighbour- 
hood of D which can just be seen separated. From equation 
(4a) the difference in wave-length of two such rays which can 
just be separated — 

dk=^^ = 5 '^ 93 ’‘‘ X IQ 

bnt o‘6i 65 X X i 
= o'o27 Angstrom units. 

Therefore the instrument will resolve lines which differ in 
wave-length by 0*027 A.U. 

Fmally, the resolving power is equal to -- = 218330. 

In the modem form of the echelon, the plates, after having 
been thoroughly cleaned, are carefully clamped together and 
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slit of the echelon instrument ; 
deviation prism any desired line 


mounted on a stand, 
provided with levelling 
screws. It is hardly 
necessary to point out 
with what accuracy the 
plates must be worked, 
and with what care they 
must be handled. As 
usual with gratings, the 
plates are so mounted 
that the apertures are 
parallel to the slit. An 
echelon with thirty-two 
plates is shown in Fig. 65. 

It is necessary in 
making use of an echelon 
^ grating that the light be 
^ submitted to a prelim i- 
iS nary analysis, by means 
of a prism, before it is 
allowed to enter the 
echelon apparatus, on 
account of the very small 
angle between two suc- 
cessive orders of spectra. 
For this purpose the most 
convenient form of aux- 
iliary spectroscope is the 
constant deviation in- 
strument described ou 
p. 1 18. With this ap- 
paratus the eyepiece is 
removed, and the tele- 
scope object glass so ad- 
justed as to focus the 
image of the slit upon the 
by simply turning the constant 
can be brought on the echelon 



THE DIFFRACTION GRATING i8i 

slit, witliout any further adjustment. The echelon spectroscope 

simikr to any ordinary spectrometer, in that it possesses a 

what has gone before, essentially a direct-vision instrument: 
It should be provided with a centre table which can be rotated 
to a small extent, and, further, there should be an arrange- 
ment by means of which the echelon can be swung out of the 
neld of view. 

In Fig. 66 IS shown an echelon spectroscope, with a constant 
deviation spectroscope for the prelimmary analysis of the light. 

telescope and collimator at 
B and C respectively; the slit is shown at D. E is the constant 
deviation instrument, with its collimator and telescope; it will 
i,D the latter has no eyepiece, but is brought close 

plane of the telescope objective. All the necessary adjust- 
mente can be earned out from the eyepiece end of the echelon • 
he handle F regulates the echelon slit, the handle G rotates 

H adjusts the 

of^he fiplf f arrangement for swinging the echelon out 
of the field of view is not shown in the illustration ; this is only 
used m the preliminary adjustments. 

The adjustments of the apparatus are very simple and 
straightforward. In the first place, it is necessary to see that 
the telescope of the auxiliary spectroscope is in an exact straight 
line with the collimator and telescope of the echelon instru- 
ment ; and m the second place, that the object glass of the 
auxiliary telescope correctly focusses the image of the slit upon 
the echelon slit. A sodium flame is then brought in front of 
he auxiliary slit, and the prism turned until the D lines are 
rought upon the echelon slit ; on looking through the echelon 
telescope with the eyepiece removed, the object glass should 
appear equally illuminated all over, with, perliaps, two slight 
and symmetrical black strips to the right and left; if this is 
the case the instrument is in adjustment. 

A line that it is required to examine may now be brought 
upon the echelon slit, and, following on the theory given above 
different phenomena may be seen on looking through the echelon 
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telescope. For example, if the line be seen under the con- 
dition = o, then it will appear as a single very bright line in 
the middle of the field, with a series of very faint lines diminish- 
ing in intensity on each side of it. The two neighbouring 

orders on each side are now absent (^since 6 = and the 

faint lines are the next higher orders to these — very faint, 
because they are visible under larger values of 6 . This con- 
dition may not be realised, and there may be seen two equally 
bright lines, which are two successive orders of the same line, 
and at the same time the series of faint lines on each side. 
Again, the condition may lie between the above two, so that 
two lines of unequal brightness are seen. It is important to 
notice that on each side of the centre of the field there is a 

dark point corresponding to the condition that ^ : between 

s 

these dark points is a region equivalent to twice the distance 
between two consecutive orders. It is this region tliat should 
be examined, and the fainter lines lying outside the two dark 
points will not in any way interfere. By a slight rotation of 
the echelon on its vertical axis any required condition can be 
obtained, and a number of orders can be made to cross the 
field of view. It will be found during the rotation of the 
echelon that there is one position at which the direction of 
motion of the lines in the field is reversed ; the echelon is then 
normal to the incident light, which is the best position for work. 

The chief objection to this grating lies in the small value of 
the separation of consecutive orders of spectra. The objection- 
able nature of this makes itself felt, when lines are examined 
which have a considerable breadth of their own. For example, 
in the case of the grating given above, the angular separation 
of consecutive orders is about 2^ of arc, or 0*0005893 radian, 
while the dispersion is 104615 at D, i.e, dOi = 0*0001046 
radian when = o*i A.U. The greatest possible breadth, 
therefore, of a line in the neighbourhood of D which can be 
observed without two orders overlapping is about 0*56 A.U. 



CHAPTER VII 

the ruled grating in practice 

As already described in the introduction 

be used*“r f ® ® Siting may 

«Li ! speaking, however, except b cafes of 

the plane grating is not so serJiceabTe as 

W rrir""® ” determinations rStt 

« 

^«X = ^(sin f + sin ^), . . . . (i) 

diflFracted^rays according as the incident and 

m\ =z 2^ sin cos . 

* + « i* equal ,0 tt, angfe 

therefore 


m\ = 2^ sin - cos " ~ 
2 2 


( 2 ) 


ttis^eq^aon i, i, d.., a., a, 
e tenn cos ^ , a* smaller ae value of ae term sin t, 
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and that when cos has a maximum value, sin and 

therefore^the angle will have a minimum value. The term 

cos has a maximum value of i when » - ^ = o, i.e. 

when * = dj it therefore follows that the deviation obtained 
wito a gating is a minimum when the angles of incidence and 
difiFr^taon are equal to one another, and that under these 
conditions the general wave-length equation is simplified to 


m\ = sin - . 

2 


In the case of a transmission grating the condition of 
mmimum deviation is readily enough obtained by so setting 

Intlf diffracted raysLke equal 

ml£u« H ^ reflecting grating, however, 

S' T™ be obtained in the Littrow type 

thrnTiJS, ’ incident and diffracted rays pass 

through the same telescope (vide p. ii8). 

The position of minimum deviation with a grating has a 
certain advantage in that the definition is always very much 

■ I “r."'' “ »«>» l«b.riou" S 

practical work. It was, however, used by Mascart in his 
determinations of absolute wave-length. 

The above equations are suflficient for all the methods of 
m^surement of wave-length with plane gratings. Thera aS 
^ "^‘flbring slightly from one another 

P-. 4 I)- In the first two methqds the grating is set 

,0 fe' telescopf, aJ,Lt 

equation (i) either * or ^ is made equal to zero, and so we 
may write the equation as — 

^ sin </>, 

where 0 is tlie angle of deviation. 

perpendicularly 

(I) is applicabk!"^® collimator, and therefore equation 
Ihe fourth method is that of minimum deviation described 
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above ; the fifth method is to fix the collimator and telescope 

r y a some known angle to one another and to rotate the 
grating. 

anaip^ t — $ evidently represents the 

Mg e be ween the incident and difliacted rays, and thus the 

known^^'^T “‘^'“ator and the telescope; if this be 
nown, It will only be necessary to determine the value of A 
or the deviation in order to find A. from equation (3). 

mounting plane gratings for purposes of 
^^1?, wave-length, a spectrometer must be employed ; 

be rnetiiods the spectrometer must 

rotflS? ^ ^ rotating telescope, the amount of whose 

rotetion can be measured, and the same for the fourth method 

TsW fiftf' “method. 

® 0 mg gratings, a spectrometer table must be used, by 

^Ms of which the necessary amount of rotation given to the 
grating can be measured. 

In the first two methods, where the grating is set ner- 
pendicularly to the collimator and the telescope respectively, 
for spectrometer is employed such as was described 

;L ?• adjustment of the apparatus as 

simni? is precisely the same as in the c^se of the 

St is. however, in all cases of 

^‘i^iihonal adjustment which must be 

Sefto’theSV° ""t 

Lsly ruited ™ 

a '^ory convenient to have the grating mounted upon 
L necetS®! screws, as this enables 

mtie to be readily 

inade. When a grating has been properly adjusted, the snectra 
should not nse or fall in the field of 4wtf tL tet 
the gratmg is rotated on its vertical axis. ^ 

rh. method of working be adopted, then, after all 

Se ^^““fy/^ij^stments have been satisfactorily made 

i® to the coilimaton, 

be th ** deviation for any line will 

be the same on each side of the normal, and theS ^e 
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position of the grating may be tested in this way. In the case 
of a transmission grating, the cross-wire in the telescope eyepiece 
is first fixed upon the image of the slit obtained straight 
through the grating and the reading taken; the telescope is 
then turned until the image of some line is brought upon the 
cross-wire and the reading taken ; the telescope is then turned 
back until the same line in the same order on the other side 
of the normal is brought upon the cross-wire. The two angles 
of deviation must be equal; if they are not, the grating is 
turned one way or the other until equal angles are obtained. 
When this is the case the wave-lengths of any lines may be 
found from the equation viK “= b sin In -this way, by taking 
readings on each side of the normal, greater accuracy is 
obtained. If a reflecting grating be used it will, of course, be 
necessary to take the reading of the direct image before the 
grating is put in place ; the deviation in this case will, of course, 
be the angle between the collimator and the telescope when 
fixed on the line in question, and will be equal to the difference 
between 180° and the angle through which the telescope is 
turned from the direct image to the line in question. 

rhe second method is preferably, restricted to reflecting 
gratings, and evidently in this case the grating must be so 
placed that the telescope, when fixed upon the line in question, 
bisects the angle between the incident rays from the collimator 
and the reflected rays. This method possesses the incon- 
venience that the grating must be adjusted for every line 
measured. 

In the third method the grating is hot necessarily placed 
in any^ particular position, but the angles of incidence and 
diffraction are both measured and the wave-length found from 
the general equation — 

m\ = ^(sin i -f- sin G), 

This method, of course, has not such a probable accura<7 
as the first, owing to tlae fact that two angles have to l)(i 
measured in place of one ; it was, however, used by Angstrimi 
in his work. The methods of measurement are as follows, 
with a transmission grating : When the grating has been put 
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in position, the telescope is turned unh'i 

to r^dtag. .„bte,cM fromIS- Su, S'. T 

-gle ^ it being positive when the bcidanf and ^ 

are upon oproSte ^ 

in eauation /t\ »,i, *i- ^ ^^‘ues found are then substituted 

S'" 

diflFracted fays and mav hi ^ r incidtnt and 

im^befoie the gratbg is pC^ *' 

can be used withT^mtb^^^’ minimum deviation, 

of better definition but- « Sra^'ug, and has the advantage 
that the S has LT"^ cumbersome owing to the fact 
measured. The condition ^ adjusted for each line 

before is obtainedZtr^,^^^^^ 

are equal; in practice the of^adence and diffraction 

of deviation befZeZual ^ ^ 

and reflected rays This methoH ® between the incident 
with plane reflecting Z- “se of 

type of aZraZ b ‘bat a Littrow 

The fifth and last method, which was used by Bell in his 
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^^solute wave-length, consists in work- 
g th the telescope and colhmator permanently clamped at 
some known angle with each other. This angle, of course, is 
the angle * - <1 m equation (2), and, since this is determined 
once for all, it is only necessary to measure the angle i+e 
or the deviation. For this purpose it is necessary that the 
grating be mounted upon a spectrometer table so that its 
rotation can be measured. In an experiment the grating is 
so turned that the reflected image of the slit is adjusfed 
the cross-wires in the eyepiece of the telescope, when the read- 
ng of the rotating grating table is made. The grating table is 
then turned until the spectrum line required is brought upon 
the cross-wires, when the reading is again taken. Twice the 
angle through which the grating has been turned is equal to 
the ^gle of deviation. By substituting the value of this angle 
and the angle between the collimator and telescope in equation 
(2) the wave-length may be obtained. 

A woid may perhaps be said here concerning the value 

re^tV remembered that this 

efers to the length of one aperture on the grating plus one 

adjacent dark space. This may very readily be found from 
the number of lines which are known to be ruled; Rowland 
gratings are now always ruled, except in special cases, with 
20,000, 14,438, or 10,000 lines to the inch, and have therefore 
grating spaces respectively of 0-00127 mm., 0-001759 mm., or 
0-00254 mm. It will be quite sufficient to take these S 
perfectly correct for all ordinary work; it is only in cases when 
very great accuracy is required that the correctness of these 
nunibers comes into question,* and under these circumstances, 
as. before pointed out, attention should be turned to other 
methods of measurement. 

A brief descrip- 
tion has already been given of Rowland's method of mouiiti 

the concave grating in so far as was necessary to show how the 
necessary condition was secured of the grating, slit, and eye- 
piece, or camera, always being placed upon the circumference 
of the same circle, namely, the circle having the radius of 
^ See page 42, ei setj. 
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curvature of the grating as its diameter. A description of 
Rowland s apparatus at the Johns Hopkins University has been 
gtven by Ame^‘ from which the following details are taken 
AB and AC (see Fig. 67) are heavy wdoden beams 6 X m 
inAes cross-section, and 23 feet long. AB is rigidly fixed, while 
AC has a dight freedom of rotation about A, controlled by 
screws at C. The rails for the two carriages carrying the 



S??’ tTT’ beams'by screws 

adjustment, so that the rails may 
be ^aightened if the beams warp. They are made of i-inch 

“fl® wood might be 

wrought-iron girder braced by 
a truss, and pivoted at the two ends, directly over the rails 
on the two mon carriages. The length of the gider is approxi- 
mately equal to the radius of curvature of the frating, and there 
* PAii. Mag. is), 21 . 369 (1889). 
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is a range of adjustment of about 6 inches. To the ends of 
t e girder mbe are fastened two thick metal plates, and these 
rest upon the two carriages; these plates are bored to fit over 
a vertical pm, which is fixed upon the top of each carriage. 
The carnages each have two brass wheels placed about li feet 
apart, and these, resting on the rails, enable the girder to be 
easily moved from one position to another. 

One of the carriages carries the grating holder, and the 
other the camera. The grating holder is shown in Fig. 69 • it 
IS inade of brass, and consists of a heavy platform, carrying an 
upnght frame, B, which can move in slots on A. Fastened to 
the two sides of B are two lugs, P, 
between ^ which the square brass 
plate C is held by pins, and in this 
way the plate C can be turned on a 
horizontal axis. This motion is 
governed by the screw S. At 




tlie lower end of C is a pin, P', on which is fitted a second 
brass plate, D, which thus can revolve on the axis P' This 
motion IS controlled by the screw S', and a spring which is not 
shown m the diagram. The grating itself stands on two pro- 
jertions from the bottom of D, and is held up against D by 
soft wax thus being free from all manner of constraint. The 
camera box consists of a fixed wooden frame, B, Fig. 70 and 
a box, A, which can be removed. The photographic plate is 
placed in A m suitable slots, and is pressed firmly by wooden 
buttons against pieces of hard rubber, so that it is bent to the 
pro^r radius. There is m B a frame which can be moved 
vertically by a rack and pinion; and to this A is fastened by 
dowel pins on the bottom and hooks on the top. On the back 
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central axis. By means of stops this revolution is 



Fig. 70. 


^ .0 ,o-. This pu,e i. f«. ^ of 

plane, on account of 

"~[r^ it is essential 

“ S for the slit aperture to be 

Fig. 71. truly vertical and parallel 

8».i^. Th, su. ,f Rowtaa-, rt 

be««,ft^lLT°° •levation; as Lli 
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regulating of the slit opening. A V-shaped sliding diaphragm 
IS placed over the slit for use with the light of the sun, in order 
to stop down the solar image, as otherwise the definition may 
be spoiled by the rotation of the sun. 

It is necessary that hoods of black cloth be used to keep 
out stray light, both at the slit and at the camera box, the 
latter preferably extending halfway to the gratbg, for although 
the apparatiB is placed, in a dark room lighted only through 
raby glass windows, a certain quantity of stray light is sure to 
be present. 




of mounting,! considers 
that the fart that the carnages have only two wheels doas not 

ding of the carnages backwards or forwards is, in his 
opmion, quite possible with Rowland’s arrangemer^t He 

rails, while the other pair run on a flat-topped beam fivud 
pj^llel to the beam carrying the rails. The wheels are ahout 

carrkiges is about xio lb.s 
The girder in Kaysers apparatus is a bridge structure, madj 

der Specti*oscopie^ i. 474. 


0 
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of hoop-iron, and carries light wooden frames, over which 
black cloth is stretched. 

It is often necessary, of course, that a grating apparatus be 
erected in a light room, when it becomes necessary to box the 
whole apparatus in, and a method of doing this has been 
devised by Adeney and Carson for the large grating in the 
Royal University of Ireland.’ Their arrangement is shown in 



Fig. 73. 

73, 74, and 75, which are taken from their paper. The 
whole of the grating rail is enclosed on the outer side and 
the top as shown at E and D in Fig. 73 ; AA are two grooved 
pieces, into which a series of sliding panels can be ina^ rtgri 
from either end. K is a wooden rectangular tube, along which 
the dif&acted rays pass to the plate; it is shown in sectional 
elevation in Fig. 74. As can be seen, the side of this box wa.s 
grooved for the reception of sliding panels, which extended for 
* Pnv. Hoy. Soc., Dublin (r), 8. 711 (189S). 
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about half the length ; the necessity for this is clearly shown in 
Jg" 7 S» where the dotted line lA represents the side of K 

w must be open in order to allow the free passage of the 

light from the slit to the t' e ujc 

grating. . The amount of 
opening necessary in the side 
of K varies, of course, with 
the position of the camera. 

The following is a de- 
scription of the mounting of 
the lo-foot focus grating at 
University College, London, 
which was made in the de- 
partment, and may perhaps 
serve as a guide to any one 
who wishes to make his own 
mounting. 

The whole apparatus is 
carried on three cast-iron 
columns, 4 inches in diameter, and 8 feet in height. Each ot 
these columns has a base about i foot square, which is securely 
bolted down to the concrete floor by four |-inch bolts, one at 



Fig. 75. 


each corner, and on the top of each column is rigidly fixed a cap 
with a flat surface for the support of the beams. I'he columns 
are erected at about 10 feet from each other, and so placed as 
to include as nearly as possible a right angle. Resting on 
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ttese and bolted to the caps are two steel girders 5x5 inches 
of I cross-section, and a little over n feet long. The girders 
are thus set as nearly as possiblent right angles to one another, 
and both rest on, and are bolted to, the cap of the centre 

column. This forms the main support of the apparatus. The 

two rails on which the camera and grating carriages run are of 
steel 2x2 inches of j. cross-section, and 11 feet long. Each 
IS supported by fourteen finch levelling screws, which are 
placed at distoces of a foot apart, alternately on each side of 
the centre web, and two at each end. ' The lower ends of the 
screws are turned to sharp points, which are hardened, and rest 
on the steel girders. Moreover, each screw is provided with 
a locknut to clamp it in position when the rail is level. In 
fittmg up toe apparatus, when the two rads had been 
adjust^ with suffiaent accuracy to a right angle, and properly 
levelled, each of the screws was smartly hit with a hammer^ 
and thus the sharp-pomted ends punched for themselves small 
sockets in Ae girders. After this had been done the rails were 
again tested with a level and again adjusted. 

In this way, since the points of the .screws re.st in the 
sockete, no lateral shifting of the rails is possible unless they 
«e lifted in any iray, and this is obviated by firmly fixing them 
down by two angle pieces at each end of the two rails, which 
are held by screws into the steel girders. The centre webs 
of the rails were planed, which gives a sufficiently level surface 
fOT the carnages to run .upon. By this method of mounting, 
^n conveniences obtabed, notably b the lightaess 0 
the rads them elves. This lightaess has no disadvantage, for, 

by the leveling 

screws, there ran be no possibility of any sbkbg of the raik 
in any way under the weight of the carriages 

in It" '“i f" “°”ted on a special casting shown in Fig. 76 
in side and front elevation. The slit itself is mounted upon 
a tube which slides into a flanged tube, and this flanged tube 
IS screwed to tae ^ular plate C. This plate C !s about 
3 mches outside diameter, and about A inch thick The 
upnght stodMd wbch supports C is of + cross-section, as is 
shown in the diagrams. The bottom block D. which is aSout 
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4 inches long, is slotted in order to admit the centre web of 
the grating rail. The plate C was faced up in a lathe, and 
the slot in the base was planed out so as to be true and scjiiarc 
to it, this being, of course, necessary in order to bring the slit 
into correct alignment with the grating, when the base is fitted 
over the grating rail. As can be seen from the diagram, three 
screws are set in each side of the base, which serve to clamp 



Fjg. 76. 


the apparatus in position on the rail, and by their means iho. 
position of the slit can be adjusted with great accur;u'.y. 

The two carriages which carry the grating and canu?ra an* 
identical in construction, and are shown in Fig. 77, in plan 
and side and end elevation. AA are two iron aisliiigs, i.> 
inches long, 2 inches wide, and i inch thick; they widen, as 
shown, at the top, in order to offer more subslancc to iho 
SCTews. These castings are planed on tlieir top cdgt(s, anil 
they form the sides of the carriages. The top B is a iilanisln-d 
brass plate, t2 x 3 inches, and i inch thick, and tliis is screwed 
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down on to the planed top edges of the side pieces by four 
screws on each, side. The two wheels CC are gun-metal, and 
are about 2 inches in diameter, and are mounted on finch 
steel axles. These wheels are supported by the finch set- 
SCTews DD, which pass through bosses on the cast-iron side 
pieces. These set-screws are pointed, and the ends of the 
axles of the wheels are drilled to receive them; the screws 
also cany locknuts to clamp them in position. The distance 
between the centre of the wheels is about 10 inches, the side 
pieces extending about i inch at each end beyond the set- 
screws. The large vertical bearing, by means of which the 
beam connecting the two carriages is supported in each case, 
consists of two gun-metal discs, 4 inches in diameter, which 
work against one another round a centre steel pin. The con- 
struction of the joint is shown on the carriage at EFG. E 
arid F are the two gun-metal discs, the lower one, E, being 
j inch Aick, and the upper one, F, | inch thick. The centre 
steel pin is shown at G, and is f inch in diameter where it 
p^ses through F, and inch where it passes through the 
disc E. Below E it is turned down to f inch, and, passing 
through the brass top of the carriage B, it is screwed and 
nutted underneath. Both of the discs are accurately turned 
and bored out to fit the steel pin, and to work with the greatest 
possible smoothness against one another. The lower disc E 
is fastened by four screws on to the carriage top, as is shown 
in the plan, while the upper disc F, as shown at A, Fig. 78, 
IS fastened to a plate forming part of the beam connecting the 
two carriages. Fig. 78 is a diagram, drawn to quarter of the 
scale of Fig. 77, of the construction of this beam, and shows 
half of the beam in elevation and in plan. As mentioned 
above, the upper disc of the carriage bearing is shown at A ; 
the disc is fastened by screws to the plate H, which is of mild 
steel, 14 X 4 inches, and f inch thick, and is planed on 
both side.s. As shown in the plan, this plate H is rounded 
off at the end over the disc in order to make the appearance 
as neat as possible. A finch hole was drilled in the mild 
steel plate, as .shown, to admit the top of the steel pin of tlie 
bearing, which projects through the top disc, as .shown at G, 
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Fig. 78. 
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Fig. 77 - This was arranged simply as a matter of convenience 
in fitang the apparatus together. The beam itself, as shown 
in Fig. 78, IS very simple in construction, and was designed 
to be as light and, at the same time, as rigid as possible. It 
IS made of bicycle tubing, stayed with three steel wires. I'liis 
tu e, w ich is marked C in the figure, is 7 feet 2 inches long, 
Md I inch in diameter, and about ^ inch thick in the- walls. 
At each end this tube is brazed on to a lug, D, which projects 
about 2 inches from a cast-iron plate, E, which is 4 inches 
wide— the same as the mild steel plate-about i foot long, 
and 3 inch thick. These cast-iron plates were planed on the 
under sides, and the lugs carefully turned in a lathe so as to 
be true to the planed surfaces, and to just fit the bicycle tubing, 
ihe braang of the two ends of the tubing on to the lugs was 
one of the most difficult operations of the whole mounting, 
tor It was a.bsolutely essential to obtain the planed .surfaces 
0 the cast-iron plates at each end of the beam perfectly tnie 
o one ano er. The whole success of the mounting dependird 
on tins, and care was especially taken to guard against any 
twist. This operation was successfully carried out, and tiie 
wo p^ed surfaces are dmost absolutely true to one another. 

^ the three staying wires are made of the best stout piano 
wire, and are carried firom brackets on the cast-iron plates al 
^ three-winged support in the middle of tlie 
tubing. As can be seen in the diagram, two of the Iiraekels 
are on the top of the cast-iron plates, and one undernealii. 
Iheir design is quite simple, and .sufficiently inclicalal in tlie 
figure. 1 hey are of gun-metal, and are fiistcned by a .sen-w 
at each end into the cast-iron plates. The three stiiy wim.s 
at ea^ end are brazed into finch bolts, wliich ari‘ aiioiii 
4 inches long, and screwed the whole length, 'riutsc boll,. 

^ss through holes drilled in the brackets, and are nutted al 
the back. There is thus 4 inches of adjustment al, .m.;!! .-nd 
of the wires to take up stretching. The three-wingisl sappoii 
for the wires in the middle of the beam is a gun-mclal .-.•..Mine. 

«'"> 

warrl,^° ri'® 0° One wing ixiints vertically do«n. 

wards, while the other two enclose rather a wider angl. ib,ei 
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s^metry requires-it is about 130°. This was done in 
order to prevent any interference with the spectrum as it 
passes between them. The centre block of the caX wa 
boxed out so as to fit the bicycle tube, and three seUcrew! 
symmetrically placed serve to hold it in position. The three 
3o %htly stretched, care being taken Jt L dL 

in ttie wir^“'®A tension 

bIa H“ch bolts. 

Both the cast-iron and the mild steel plates at each end of 

the beam are slotted, to allow of some latitude in the length 



vraW case and the 

d ffSSt“°At a! “ somewhat 

At the camera end of the beam, a planished brass 

plate, 18 inches long, 4I inches wide, and ^ inch thick is 

screwed to the mild steel plate exactly at right angles tothe 

be^ and so placed that its centre is exactly over the Snhe 

o the steel centre pm of the bearing. This brass plate carries 

m ogany board of the same area, but i inch t h ic k This 

coiSlete the 

complete camera fittmgs, the most important of th^se beinir 

the adjustments for focussing. The adjustment normal to thf 
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^ 7 c shown at 

W "« 4 aches long, and are n«de ot ft-inch 

Di^s. bearing consists of brass strips, B and C li inch 

«d? boaJdr’bu^t a^e 

Z f ^ pieces of half their breadth. 

W ^ ^ die corresponding 

brass fittmp on the upper board D exactly fit. rotary 

as follOT^— limits, and is obtained 

fite into a brass tube earned by the upper board F. This 

i conhoSfJ of which 

IS conholled by a set-screw into the lower board D, passine 

s^dd'S^S A F for^s th! 

S s"Iws o^'to'rt . A mahogany frame. G, is fastened 
Dy screws on to the top of F, and has a clear opening of 

tighay\II?.®'’ I-”'*®® dark slid! is 

sides ^and soo^ ®Samst *is frame by two brass hooks at the 
sides, and good contact between the two is ensured by strips 
of velvet glued to the back edges of the frame. The dark 

dnscdpdnn. I. i, nn.dr » ^ 
plates 12 X 2 inches, which are specially made of thin glass 

radius. This is accomplished in the usual way, by fixing two 
carefuUy cut templates in the slide, and pressing theVate 

irrM'l®® P^ds on the back of the dark shde. 

It should be said, of course, that the back is detachable, and 
that when a pkte has been put in, the back is fastened down 
by (ratches, and forces the plate round the templates. 

^ As reprds the mounting of the grating on its carriage, a 
10 inch planished brass circular plate, 8 inches in diameter 
1.S screwed down to the mUd steel plate (H, Figs. 77 and 78) 
centrally over the bearing on the carriage, and on to this plate 
IS screwed the bottom plate of the grating mounting. This is 
a plate about 5! inches in diameter, and has three radial slots 

cut m It. in which the three levelling screws of the grating 
table rest. ° 
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th^ description of the actual mountin<» of 

covefkff remains to describe “the 

j-wo Doaras, i8 x 6 inches, and i inch thick btp 

OTe across the top and the other across the bottom of the 

cast-iron and mild steel plates at K TTio* >»q + 

“e JT ®°"‘ ™ to'SE 

^dtr;csr “ “■* 

^ support for two iron brackets 
hich are screwed to the top board. Two similar brackets are 

?sc SoVJ* ® brass 

oro above. Fourthm iron strips about i inch wide 

h™ beam, two between each outside pair of 

brackets, and are kept in tension by bolts and nuts. Thfbol J 

'T f 

bottom of ^ch bracket, form a^supporl^rtwo 'S^ictoesses 
sLp ’ “® ^‘"‘"bed all along each 

tn J" bands in their position that is 

Sed ov? !-h®“ ^ben the satteen is 

stretched over them, distance pieces are placed at suitable 

^emls between the upper pair and the loL pair of band 

tot did= f„ purpose,” !»•“■>" of to 

t. to sli, ,„ 

I. Mows, d..„,o„, u». t S 
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other end of its rail, the grating becomes exposed to tlic 
ordinary light of th.e room through tliis opening. The expoi^ed 
portion is covered over with a dart cloth, this being found quite 
suflScient to make it light-tight. 

Seeing that the four iron strip.s have to be kept in consider- 
able tension, in order to hold them moderately rigid, a certaiti 
amount of displacement will be caused to the beam by this 
means. An extra stay of steel wire was put underneath the 
beam, between two brackets, similar to those already dcscril >cd j 
this was found to counteract the strain set up by the iron strips. 

For the covering in of the grating rail, a simple method lias 
been adopted. A wooden framework was erected over tho 
girder, which carries the rail. This framework is made of 
3-inch square mahiogany, and is about r foot wide, and so 
inches high. T*he top, the outer side, and the two ends, an? 
covered with light wooden boards, about J inch thick. T’ht^ 
front side, that is to say, the side along which the beam has 
to pass, is filled in with two curtains, running on wires. 'IVo 
wires are tightly stretched between the supports at each tuul 
of the frame, one at the top and one at the bottom. 'I'w'o 
curtain.s each capable of stretching along the whole frame, 
that is to say, about ir feet — are threaded on these two wirt*s. 
One end of each of these curtains is nailed to the frame suppe >rt, 
one at each end of the girder, and one curtain is put on eat^b 
side of the beana. It is evident from this that wliatever th(! 
position of the beam may be, these curtains may be drawn 
right up to each side of it. This shuts out piactically all light. 
Although the two wires which carry the airtains are plaa^cl as 
close as possible to the top and bottom of the frame, still a 
certain amount of light will necessarily be able to pass above 
and below them. As regards the top, this is easily obviiitt'd l)y 
a short curtain, which is nailed all along the top of the fmiin*, 
and which, by simply hanging down, keeps all the light out! 
As regards the bottom, it might be arranged to have a .short 
fringe stretched along the two curtains, which woukl an.s\v<‘r 
the purpose, but it has been found more convenient to use 
ropes of twisted black cotton-wool, which are placed alorlg 
the frame under the curtain. It would he possible, no doubt, 
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adopted, because it is su,^h^*^ ’ however, has not been 

curtains by Cd aftlr tL ; “ the 

right positiorT <=amera-camage has been set in the 

cave gratingsl^hich*;^k*/o?S^fi of mounting con- 

perhaps, intended wiH view of "«• 



seen, the principle is the same as in j. 

It differs from this, however in that mounting; 

the gn^ G do Lot S SrS ^"t 

reflected by a plane mirror C to th* * • hut are 

The g„d4 ie ^'S"r S''‘“ “ °- 

rod GS, and the two ties CG and pq t over the 

and pivoted at G a^d S 

and the spectra are made to Si® r ® at S, 

in the eyepiece, by sliding the grati^ 

Wadsworth => lis aIs7d^aS ^ ^°ri. 

the astigmatism of the grating “rilise 

IS as follows. Let G, Fig Sr^f. t^ ’^hich 

^ the slit, . the soutoe^^etcS';" 
observing eyepiece, placed normal S fh^™“’- ° 

a fixed distance p from it as in' Rr,J «>^tmg, and at 

2. 370 (tSgs). » /&v s . fl ^ 

Ibtd., 8. 46 (tSge). 
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the slit must lie always on the circle 0 / j/ of radius - 

2 » 

while the source r lies at the intersection of Gs produced and 
the line Or, drawn at right angles to GO. 

Then Gs = 2GQ cos z = p cos i 



and Gr = . . or .r = Gr - Gr = . - p cos /. 

To satisfy these conditions it is necessary to mount the 

slit on the end of an arm of length pivoted at Q, and also 

we must have from the geometry of the circle Gj x G/-=(G 0 )* 
= P* = constant. 

This can be obtained by means of the Peaucellier linkage 
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shown m Fig. 8i j in it we have ae x ac = - bP, which to 

satisfy the above condition, must equal p®. ’ 

Hrace, if we place the source or comparison prism at C 
and pivot the vertices e and a to the ends j and G of the 
li^ Qj and QG respectively, the desired conditions will be 
ob^ed, Md we will have the simple mountings shown in 
Fig. 82. We may mther fix the pivot at G, the pivot at r, or 
Ae pivot at r in position. If G is fixed, Q may also be fixed, 
in which (ase O also remains fixed ; but the slit and comparison 

Grr, while this line itself rotates 

oV • ^ "^“gement, therefore, is 

obtamed by fixing either the pivot r or the pivot r, leavmg 



Fig. 82. 


^ I'®?; comparison prism, or the grating 

and slit, shde along the bar Grr, which remains fixed, a^d thf 
point Q describes a curve Q'QQ" (if ^ ij fixed) or Q,Qa (if 
r IS fixed), whose centres at any instant are at G and j. The 
eyepi^e 0 will, therefore, describe a similar curve of twice 

^ laige 

range of motion, as well as the long arm GO, we may place a 

reflectmg pl^e mirror at C (Fig. 82), and return thl mys to 
an eyepiece 0 near G. In Fig. 82 the sUt is fixed at i so 
tiiat the comparison prism at r and the grating move • m the 

ThTlStoen^oVt^T ^ comparison source. 

Concave Crating.— Ames * gives 
fte following directions for the adjustments of the various pits 
of tte .ppa^ta Foa, a.. “S 

PM . Jlfo ^. (5), 27 . 369 (1889). 
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possible, and placed at right angles by the 3, 4, 5 rule. 
Distances from the intersection of the rails proportional to 3 
and 4 are accurately marked out on the two beams respectively, 
and the beams adjusted until the distance between the two 
points thus fo^d is proportional to 5. Next, the axes at the 
ends of the girder must be made parallel while the girder is 
under stress ; for this purpose the girder is supported at its two 
ends, and the axes adjusted by the control screws until the axes 
are vertical. The camera, grating, and slit are now put into 
position at the proper height, care being taken that the grating 
is so placed that the brightest spectra are observed, for, as was 
pointed out before, the spectra obtained with a grating are 
generally brighter on one side than on the other, A candle 
is held at the centre of the camera-box, immediately over the 
axis of the carriage, and the grating is turned, and the girder 
lengthened, until the ilame and its image coincide. In this 
way Ae grating is placed perpendicularly to the girder, and 
the girder itself is given the proper length. To adjust the 
camera so that it is perpendicular to the girder, a piece of plate 
glass is fastened to its face, and a candle is held on the girder 
near the grating. The camera is then turned until tlie flame 
and its image come into line. Light from some source is now 
thrown on to the slit so as to illuminate the whole grating, and 
the spectrum is observed at the camera, and, if necessary, the 
grating is tilted more or less until the spectrum is seen in the 
middle of the camera. The girder is then moved about, and 
if the spectrum thereby tends to rise or fall, the grating is 
revolved in its own plane by the side screw of its holder 
(S, Fig. 69) until this is corrected. Finally, the slit is revolved 
until the best definition is secured. The instrument should 
now be m perfect adjustment, which may be tested as follows : 
an exposed and developed photogi*aphic plate, of which the 
emulsion has been partly scraped off so as to give it a lutticx*- 
work appearance, is put in the camera-box, emulsion side 
towards the grating. The spectrum is then observed with an 
eyepiece, and at any position of the girder the emulsion on the 
plate and the spectrum ought always to be in the same focu.s 
Generally, however, this will not be the case, and from the 

T. P. C. 
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thtoxj of errors developed in the earlier part of his pacer 
Ames recommends a slight adjustment of the gratine aroLn 

mrtSSl f ^ detailed account of the 

me&ods of adjustment which he has himself employed id 
which may be quoted here. pwyea, ana 

In the first place, he considers Ames’s 7 a e mU u 

been bored in the citr^ VheT the 
By rneans of a plumb-line the surface o?theTSh?lnr^e 
emulsion of a plate m the camera are brought oSr thL^int 
Kayser also gives a more accurate method for ^ ‘ 

m»t of the toph ot gWa, the potdtto of 

r-" I exposed and ^ 


Fig. 83. 


A , ” 01 me erratina 

iJiuTrS^ plate is take?, and 

about I cm. from the middle a cross is cut in the 

di»t.^“or2: 

the cross should be focusseH on i of 

scratches and the imaee of thp S^^ss, and thus the 

in perfect focus through an eye^i^cV °Tlfe together 

turned and the length of the i fi^rating must be 

is secured. ^ “til this condition 

A convenient method for the teRtinf. *u 
IS to cover the gratine with a adjustments 

* ffandbuck de?- Spectroscopie^ i. 475. 
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portions of the grating will 
give a continuous line if the 
adjustments be correct, and 
two slightly displaced lines 
if they be not correct; in 
the latter case, from the 
positions of these displaced 
lines, the amount of error 
in the focus may be cal- 
culated. 

Practical Use of the 
Concave Grating. — From 
what has already been 
stated under the theory of 
the grating in the last 
chapter, it is necessary, if 
the instrument is required 
for accurate work based on 
the 'overlapping of the 
spectra, that the grating be 
carefully examined with re- 
spect to the distribution of 
the light in the various 
orders ; for it is quite pos- 
sible for a grating to give 
an incomplete spectrum in 
a given order, for example, 
the visible portion may be 
very bright, and tlie ultra- 
violet very weak. Further, 
as pointed out by Ames, 
different portions of the 
grating may give spectra, of 
varying brightness, and 
tliese imperfections must be 
guarded against for accurate 
work. 

As regards choice of 
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grating, it is only when work is to be done with the camera 
in the ultra-violet that it becomes necessary to use a 20,000 
line grating, and as, further, a 10,000 line instrument has the 
advantage in point of definition and cheapness, therefore, for 
ordinary work the latter or a 14,438 line should be chosen. 
The practical ranges of the various-sized gratings was given 
before on p. 171, but they may be given more fully here. 
Fig. 84 is a diagram of the overlapping spectra as obtained 
with the various instruments. The extent of the first five 
spectra reached is given in the followmg table : — 


Lines 
per inch. 

First 

spectrum. 

Second 

spectrum. 

Third 

spectrum. 

Fourth 

spectrum. 

Fifth 

spectrum. 

10.000 
14,438 

20.000 

Entire 

Entire 

Entire 

Entire 

Entire 

To 6000 

Entire 

To 5760 
„ 4000 

To 6000 

» 4330 

n 3000 

To 4800 

If 3460 
„ 2400 


These limits are taken at the centre of the photographic 
plate. At the end of the plate, of course, the limit is some- 
what greater. With a grating of '21-5 feet radius, the width 
of the spectrum varies from i inch to 4 inches.^ 

The scales may readily be calculated from the formulae 
on p. 17 1, and for the largest size grating of 650 cm. focus 
they are given by Ames as follows : — 


Lines per inch. 

First order. 

Second order. 

I’hird order. 

10,000 

0*26 

0*51 

077 

14.438 

0*37 

0*75 

I’I 2 

20,000 

0*52 

I 03 

1*55 


Fourth order. 


103 

1*50 

2*07 


The numbers given for the various orders represent the 
linear distance in millimetres on the photographic plate, corre- 
sponding to a change of wave-length of one Angstrom unit — 
this being, of course, at the centre of curvature of the grating. 
For gratings of shorter radii these numbers are simply to be 
multiplied by the ratio of the radii. 

* Seep. 172. 
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When in observing a particular spectrum it is required to 
cut off the overlapping spectra, certain absorbing media may 
be used, these being placed, of course, between the slit and the 
light source. The following are recommended by Ames, and 
the regions of spectra given are those transmitted by the 
absorbents. 


Greenish plate glass 3300-8000 

Saturated solution of salicylic acid in alcohol in 

quartz cell 3500-8000 

Aesculin, 0*35 per cent, aqueous solution with one 

drop of ammonia to each 30 cc 4100-8000 

This’ must be freshly prepared, as it rapidly oxidises to a brown 
colour. 

Potassium ferrocyanide 4400-8000 

Primrose op aniline yellow 5000-8000 

Fluorescene or gold chloride 5200-8000 

Chrome alum . . . \ [3200-3700 

Malachite green . . ( ) nnri 

Bitter almond green I j 

Brilliant green . . J I4600-S200 

Cobalt chloride 3400-4500 

1 3600-4600 
and 

6000-8000 

1 3900-4600 
and 

5800-8000 


As an example, when photographing in the fourth ordiT 
with a 10,000 line grating, the following absorbing solutions 
are used : — 

At 3800 Cobalt chloride in water. 

„ 4000 Cobalt chloride or Gentian violet in water in a glass cell. 
„ 4200 Potassiam permanganate or Gentian violet in water. 

„ 4400 Aesculin or Potassium peniianganatc. 

„ 4600 Aesculin. 

„ 4800 Aesculin and Malachite green in water. 

„ 5000 Aesculin and Potassium ferrocyanide. 

„ 5200 Aesculin and Potassium ferrocyanide. 

„ 5400 Aesculin and Primrose, 

Ifi • 84- (^i(. 
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It is advisable that before the use of any absorbent an 
experimental photograph should be taken in order to observe 
its effect. 

For regions beyond the C line and into the infra-red, 
special absorbents are required, and amongst others the follow- 
ing may be mentioned as having been used by Abney — a 
solution of potassium bichromate, or a solution of iodine in 
carbon bisulphide. 

Wood^ has recently discovered that nitrosodimethylaniline, 
when in thin layers, has an absorption band between the limits 
X = 5000 and X = 3900, but beyond the latter it is transparent 
to as far as X = 2000. This substance may be used, therefore," 
in order to photograph the ultra-violet spectra free from over- 
lapping higher orders. For this purpose a gelatine film, stained 
with the nitroso body, is fairly suitable, but a better way is to 
make a solution in glycerine, and use it in a quartz cell ; as 
the glycerine is acted upon by ultra-violet light. Wood recom- 
mends the use of a small quartz cell, made by cementing two 
quartz plates together with a space between of 0*5 mm. This 
cell should be cemented to the bottom of a thistle funnel with 
a very small bore. By filling the thistle funnel with the 
glycerine solution, a flow takes place through the cell at the 
rate of about a drop every two minutes. The exposure must 
be much increased when using the screen, and varies from two 
to twenty times the ordinary, according to the density of the 
screen. In the case of weak spectra, the increased time of 
exposure rather precludes the use of this substance, and under 
these circumstances it is necessary to take comparison photo- 
graphs for the purpose of recognising the ultra-violet lines. 
Two photographs are taken — one of the complete overlapping 
spectra, and the other with the ultra-violet portion cut off by 
means of suitable absorbents; the lines present in the first 
photograph and absent in the second are the ultra-violet 
lines. 

On account of the astigmatism of the concave grating, the 
usual method of comparing spectra by throwing the images 
of the two sources adjacent to one another on the slit is not 
^ Phil, Mag, (6), 5. 257 (1903). 
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possible, as the two spectra will overlap so considerably. 
Rowland’s method is to employ the mechanical device described 
on p. 192, which consists of a metal plate with a horizontal 
slot cut in it exactly equal to the width of the plate (Fig. 71). 
When in use this plate is turned to a vertical position, and a 
photograph taken of the spectrum from some source through 
the slot \ the plate is then turned through 90° to a horizontal 
position, and the comparison spectrum photographed. When 
the plate is developed, it will be found to have the comparison 
spectrum with a narrow band of the first spectrum along its 
centre. In case of any possible movement of the camera 
during the process, the first spectrum is usually given half the 
correct exposure, then the second is taken, and finally the first 
again to complete its exposure ; in this way any chance move- 
ment of the camera will be detected.^ 

Measurement of Wave-length by means of the Concave 
Grating.— As has already been explained, the concave grating 
can be employed for the determination of wave-lengths with 
great accuracy in relation to a chosen standard by Rowland’s 
method of coincidences, which is based upon the simple re- 
lation between the overlapping orders and the normality of 
the spectra observed. The standard at present adopted is 
the value for the Di line as a weighted mean taken by Row- 
land of Bell’s and other measurements.® In the following 
table are given the values of the coincidences between this 
line and points in different orders. The table reads down- 
wards — that is to say, the vertical columns give the co- 
incidences : — 


Order 

I 

5896*156 





3 

2948*078 

5896*156 



11 

3 

I 96 S' 38 S 

3930771 

5896*156 

5896*156 

11 

4 


2948*078 

4432*1 17 

n 

5 


2358*462 

3537 *f >94 

4716*925 

»» 

6 


1965-385 

3948*078 

3930*77 T 


7 



3526*924 

3369*232 

n 

8 



2211*059 

2948*078 

n 

9 



1965*385 

2620*514 

>» 

10 




2358*463 


^ Vide^ pp. 208 and 219. ® //»/</., p. 45. 
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The table, therefore, shows that on the Di line in the first 
order are superposed 2948*078 in the second order, and 
1 965 '3^5 in the third; and again on Di in the third order 
are superposed 4422*117 in the fourth, 3537*694 in the fifth, 
and so on. 

The method of working is as follows : photographs are 
taken of the Di line in as many orders as the grating allows ; 
in the case of the 20,000 line grating, this can only be done 
in the first two orders, but with a 10,000 grating, Dj can be 
photographed in the first four orders. Care is taken that the 
D line is approximately in the centre of the plate. On each 
side of the D line on the photographs will be found a number 
of lines in different orders, and if the orders to which these 
lines belong be found by the use of absorbents, then their 
wave-lengths may be approximately obtained by measuring 
their distance from the Dj line on the plate, and by calculation 
from the scale of the instrument. Ameses values of these scales 
were given above; it must, of course, be remembered that 
these can only be quite approximate, and that therefore the 
wave-lengths we have obtained from our measurements can 
only be correct to a first approximation. 

After this has been done these new lines are again all 
photographed in different orders from before, in such a way 
that two, at least, of them are obtained on every plate within 
the range of normality. The distance between them is 
measured on the new plates, and from the approximate wave- 
lengths found in the first place more accurate values are 
obtamed of the scale of the instrument. This more accurate 
scale value is used for a recalculation of the wave-lengths of 
the chosen lines on the first plates to a second and closer 
approximation. With these new values the scale of the in- 
stmment is again calculated from the second set of plates, 
and so on -until the limit of accuracy is reached. This limit 
is of the order of 0*003 A.U., with the best apparatus, and 
this Kayser considers to be the mean error of his wave-lengths 
of the principal lines in the arc spectrum of iron 

^ accurate value of the scale of the instrument may be 
obtained by measuring the whole distance from Di in the first 
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order to Di in the second order. For this purpose a complete 
series of photographs are taken of the normal spectrum from 
end to end, and the linear distance between these two lines 
measured, working from plate to plate. The change in wave- 
length between the two lines is, of course, 5896-156 A.U. in 
the first order, and from this the scale maybe obtained. Lines 
between the two may be measured, and their wave-lengths 
found, from which the scale may be checked from plates 
containing more than one of these lines, as described above. 

Rowland,^ in his work on the solar spectrum, determined— 

1. The wave-lengths of fourteen lines in the visible spectrum 
by measurements with a travelling micrometer eyepiece, and 
these were used as primary standards. 

2. The solar standards were measured from one end of 
the spectrum to the other many times, and a curve of error 
drawn to correct these primary standards. 

3. Flat gratings were also used. 

4. Measurements of photographs were made which had 
upon them two portions of the solar spectrum of different 
orders. The blue, violet, and ultra-violet spectra were com- 
pared with the visible portion, giving many checks on the first 
series of standards. 

5. Measurements were made on photographic plates liaving 
the solar spectrum in coincidence with metallic spectra 5 often 
of three orders giving the relative wave-lengths of three parts 
of the spectrum. 

Often the same line in the ultra-violet had its wave-length 
d e terminfiil by two different routes back to two different lines 
in the visible spectrum. The agreement of these in nearly 
every case to 0*01 A.XJ. showed the accuracy of the work. 

6. Finally the important lines had from ten to twenty 
measurements on them connecting them with their neighbours, 
and many points in the spectrum both visible and invisible j 
and the mean values bound tlie whole system together so 
intimately that no changes could be made in any part without 
changing the whole. 

Rowland expresses the accuracy of his map as follows 
> J’/iil. Moj'. (5), 36 . 4!) (1893). 
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distribute less than o’oi A.U. properly throughout the table 
as a correction, and it will become perfect within the limits 
2400 and 7000 A.U. 

Rowland’s wave-lengths are given, as measured in air, at 
20® C. and 760 mm. pressure. As regards the influence of 
change of atmospheric conditions on the accuracy of the above 
method, it can readily be shown from Kayser and Runge’s ^ 
values for the refractive indices of air that, within the limits 
of 15-25® C. and 740-780 mm. pressure, the errors produced 
lie within the greatest experimental accuracy, and may there- 
foj/be neglected. 

Since there have been put upon record standard spectra, 
which have been measured with tiie greatest possible accuracy, 
there is no longer any need to measure the wave-lengths of 
the lines in an unknown spectrum in the above way, for it is 
perfectly possible to find the wave-lengths by direct comparison 
between the known and the unknown, somewhat similarly to 
the method already described for prismatic apparatus, only 
with very much greater accuracy. For this purpose comparison 
photographs are taken of the standard and unknown spectrum 
upon the same plates, and from the measurements of these 
plates the new wave-lengths can be found with very great 
accuracy. For work with gratings, either the solar spectrum 
may be used with Rowland’s measurements, or the arc spectrum 
of iron with Elayseris measurements.® The latter is to be 
recommended for several reasons ; in the first place, for the 
solar spectrum, one is dependent entirely upon meteorological 
conditions, which at times are by no means favourable to the 
experimenter j in the second place, in order to use the sun- 
shine when it is available, it is necessary that the grating be 
so erected as to be able to receive the rays j in the third place, 
the lines in the solar spectrum are not necessarily sharp on 
account of changes in the solar atmosphere; and finally, account 
must be taken of the varying relative motion of the sun and 
earth. For these reasons the iron arc spectmm is to be recom- 
mended in most cases as the standard.® The measurements 

^ Wied. Ann., 60 . 293 (1893). ® Drttdds Ann., 8. 195 (1900). 

* See Chapter XVI., on Doppler’s Principle. 
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extend between the limits of 2327 A.U. and 4495 A.U., and 
thus, by reason of the superposition of the different orders, 
they may be used as comparison standards over the whole 
range of spectrum. 

In order to obtain the comparison photographs, it is to be 
recommended that the two spectra, known and unknown, be 
perfectly superposed upon one another to ensure the greatest 
possible accuracy. This is simple enough when arc spectra 
are to be measured, because one pole of the arc is then made 
of iron, and the other pole of the substance whose spectra is 
to be measured. When the spectrum of this compoimd arc 
is photographed, it stands to reason that the two sets of lines 
are correctly placed with regard to one another. In the case 
of other types of spectra, such as those of rarefied gases, the 
two spectra must be photographed separately, and in this case 
great care must be exercised in order to obtain the relative 
position quite correct. The chief point to be secured is that 
the whole of the grating be illuminated with the incident light, 
and for this purpose a condensing lens should be used to focus 
an image of the light source upon the slit. 

The following method of procedure may be adopted. The 
iron arc is first put in such a position that the condensing lens 
(which must, of course, be made of quartz) can focus an image 
of it upon the slit. The slit is now opened and the lens taken 
away ; then the arc is moved from side to side until it is found 
that the grating is illuminated in the centre. This is readily 
enough seen by looking through the camera at the grating with 
the naked eye, standing far enough back to focus the narrow 
spectrum produced. The slit is then closed to the' working 
width, and the lens put in place, so as to focus an image of the 
arc on to the slit ; it is then securely clamped in position. A 
plate is then put in the dark slide, and the latter .fixed in 
position to the camera back, and a photograph taken. When 
the correct exposure has been given, without disturbing any 
part of the grating mounting, the arc is moved, and the 
second source of light put in place, so that its image is focussed 
on nearly the same part of the slit as was the image of the arc 
before, this being done without moving the condensing lens. 
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The exposure of this spectrum is thus started, and when finished 
the plate will carry the two photographs quite correctly super- 
posed, provided no shifting of the camera took place during 
the process. If due care be taken, there will be no need to 
expect this, but it is better that the unknown spectrum contain 
some lines whose wave-lengths are well known, to serve as a 
check against any possible shifting of the apparatus ; if the 
wave-lengths of these lines found from the measurements of 
the photographs agree with the known values, then the relation 
between the spectra may be assumed to be quite accurate. 

The photographs of the mixed spectra are then compared 
with plates previously taken of the same region of the iron arc 
spectrum, and of the unknown spectrum separately ; in this way 
the unknown lines are picked out and marked, and also the 
standard iron lines, which are also marked. It is only necessar)', 
of course, to mark those iron lines wliich appear in the list of 
Kayser’s normals. It will be found a great convenience to rule 
a fine straight line with a needle along the whole photograph 
through the centre of the spectrum. Where the various lines, 
which have been picked out, cross this ruled line, they are 
marked, the two kinds in distinctive ways, the standard iron 
lines may be denoted by a fine black ink mark, and the unknown 
lines by a similar red mark. This is simply for the purpose of 
recognising these lines when measuring the plate, for the field 
of view of the travelling micrometer is always very small, and 
unless the marks are made close to the part measured they will 
not be seen. 

The photograph is now ready to be measured, which process 
is perfectly straightforward, all the wave-lengths being calculated 
by interpolation between two standard lines, one at each end 
of the plate. Two standard lines in the iron spectrum are 
chosen, one at each extreme end of the plate, and one of these 
is adjusted under the cross-wires in the eyepiece of the micro- 
meter when set at zero reading. Care should be taken that 
one of the cross-wires be set parallel to the spectrum lines, and 
that the liiie, ruled on the plate along the spectrum, be set so 
that it is parallel to the direction of travel of the micrometer, 
and visible at the top or bottom of the field of view. The plate 
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is then measured along to the standard line at the other end, 
the readings taken on all the marked lines being noted, care 
being taken, of course, to distinguish between the known and 
the unknown. If the travel of the micrometer is not sufficiently 
long to reach over the whole length of the plate, then, when 
the limit has been reached, the instrument is turned back to the 
zero mark, and the last line measured is readjusted under the 
cross-wires as before ; this is repeated until the final standard 
line is reached.* 

The wave-lengths of all the lines that have been measured 
are then calculated by simple proportion between the wave- 
lengths of the two extreme standard lines, and the numbers 
obtained for the iron lines are compared with the standard 
values, and the differences between them noted. A curve of 
errors is then drawn, in which the ordinates mark the scale of 
errors and the abscissae the wave-lengths. From this curve the 
corrections to be applied to the new wave-lengths may be read 
off, and these values duly corrected. By the drawing of this 
curve the following sources of error are corrected for ; first, 
possible errors in the screw of the travelling micrometer; 
second, the errors arising from the fact that the whole of the 
spectrum is not normal ; third, errors in the values of the wa\ e- 
lengths of the standard lines; and lastly, constant errors in 
reading. In order to make the curve as accurate as possible, 
as many standard lines as possible should be measured ; it may 
be noted, that if lines are measured in different orders, the 
errors should be reduced in proportion to the orders dealt 
with.'-* There remain, over and above these errors, chance 
errors of reading the position of the unknown lines ; it stands 
to reason that these can only be guarded against by rept'aUul 
measurements, preferably on different plates. 

Perhaps the whole method of working would be made 

' It is necessary to guard against backlash of the screw of Ihc micro- 
meter : see p. 14S . 

- In drawing this curve the lie of the points as regards the curve will 
give a VC17 good idea of the general accuracy of reading^ ; Hit; closttr the}' 
are situated to the curve when drawn, the greater the reliance that may lx* 
placetl upon the readings of the unknown lines. 
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clearer by an imaginary example. Let us suppose that we 
have the spectrum of a gas to measure, and that our plates 
are 12 inches long, and that we are working with a lo-foot 
grating ruled at the rate of 14,438 lines to the inch. Each 
photograph will have a range of 75® A.U. in the second order, 
allowing for a little overlap. Four photographs of the 
following regions in the second order are taken of the iron arc 
spectrum, and the gas spectrum superposed — 

I. X = 5900 to X = 5150 

2- X = 5150 to X = 4400 

3. X = 4400 to X = 3650 

4. X = 3650 to X = 2900 

It is clear that on the first three plates the following regions of 
the third order are also superposed : — 

1- ^ = 3933 to X = 3433 

2 - = 3433 to X = 2933 

3. X = 2933 to X = 2433 

On the fourth plate the third order may be discounted, as 
it has become very non-actinic. On the fourth plate, however, 
the first order is superposed from X = 7300 to X = 5800. 
These plates, therefore, contain the complete spectrum from 
X = 730® to X = 2430. The above regions have been chosen 
simply with a view of showing how the superposition of orders 
may be made use of in dealing with the spectrum of a substance. 
Some of the lines in the above case would be measured only in 
the first order, and some in both the second and third orders, 
so that the probable accuracy of working would be by no means 
evenly distributed. This, however, does not invalidate the 
above as an example of the method. 

A second set of plates are next taken of the same regions 
of the gas spectrum alone, without the superposition of the 
standard iron spectrum. A third set are lastly taken in the 
same places of the gas spectrum, using absorbing media to 
separate the different orders. Nos. i and 2 are taken through 
aesculin solution, which cuts off the third order j No. 3 is 
taken through glass, which also will remove the third order. 



THE RULED GRATING IN PRACTICE 


223 


In the case of No. 4, aesculin is again used, which only allows 
the first order to pass. 

The three sets of photographs are dealt with as follows: 
On the first set the wave-lengths of as many lines as possible 
are measured, and calculated as directed above. These 
measurements and calculations are quite independent of the 
order to which the lines may belong, and we may consider as 
a hypothesis that they are all calculated out as if they belonged 
to the second order. The second set of plates are then 
measured, and the wave-lengths of all the lines calculated by 
proportional parts, as before, between two lines, one at each 
end of the plate, using the wave-lengths of these as deter- 
mined on the first set of plates. A curve of errors is then 
drawn as described above, using the wave-lengths as determined 
on the first set of plates. In this way the wave-lengths of some 
lines, which on the first plates were hidden behind iron lines, 
are measured, and further, some corrections may be foxmd 
necessary in the case of the other lines. We now have all the 
lines measured and calculated out as if they belonged in toto to 
the second order. The second and third order plates are now 
compared, whereby the lines are sorted into their respective 
orders ; the wave-lengths of the lines in the first and third orders 
are obtained by multiplying their hypothetical values in the 
second order by 2 and by § respectively. It will be seen on 
reference to the extent of the plates in the different orders, that 
certain regions have been photographed in two orders, viz. A. = 
3933 to X=29oo in the second and third orders, and A = 5900 
to A = 5800 in the first and second orders. The values ob- 
tained for each line in the two orders should, of course, agree j 
in actual practice these determinations of the wave-lengths of 
the same line in different orders form a most valuable check 
upon the accuracy of the work. 

Attention may again be drawn to the fact that the above 
is only given as an instance of the methods of work; one 
objection may be at once urged, namely, that as all three sets 
of plates are taken at tlie same places, certain lines are only 
measured at the ends of the plates, where the spectrum is not 
normal. But in actual work, if high accuracy were aimed at, 
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many additional plates would be taken at different places from 
those given above, in order to measure as many lines as 
possible in at least two orders. Again, no mention is made 
of contamination by the fourth order in plates i and 2 1 with 
an average grating, as one gets into the higher orders the 
illumination falls off rapidly, so that it is unlikely that they 
would have any disturbing effect in the case of a faint spectrum 
such as that of a gas. In the case of the grating at University 
College, London, the fourth order is extremely weak. An im- 
portant point also to remember in connection with this work 
with gratings, is that the wave-lengths of the important lines 
are determined in as many orders as possible, and it is in the 
searching for these lines in the higher orders that shows 
whether contamination from them is to be expected. If, for 
example, lines of intensity 10 were just visible in the fourth 
order, and those of intensity 9 were not, it is evident that the 
wave-lengths of the strongest lines could be measured in the 
fourth order, and that no further contamination need be 
looked for. 



CHAPTER VIII 


THE EXTREME INFRA-RlilD AND ULTRA-VIOLET 
REGIONS OF THE SPECTRUM 

As was described in Chapter II., the existence of the infra-red 
region was discovered by Sir W. Herschel in 1800, who, in 
testing the heating power of the diiferent colours of the spectrum 
by placing a very sensitive thermometer in the path of the 
various rays, found that the heat intensity increased towards 
the red end, and finally reached a maximum at a point some 
distance beyond the end of the visible portion. It was Ampbre, 
in 183s, who first concluded that these heat rays were of the 
same nature as the light rays in the visible portion of the 
spectrum, that they were both due to waves in the same 
medium, and only differed from one another in their wave- 
length. In 1840 Sir J. Herschel succeeded in proving the 
existence of Fraunhofer lines in this region of the solar 
spectrum, by projecting it upon a strip of dull black paper, 
moistened with alcohol. Had the spectrum been perfectly 
continuous, it is evident that the increase of temperature pro- 
duced by the rays would have caused the alcohol to evaporate 
equally from those portions of the paper covered by the heat 
spectrum. In actual fact he found that this was not the case, 
but that damp spots were left in places, which fact clearly 
pointed to the existence of absorption bands in the solar 
spectrum. 

In 1880 ' Abney published a map of the infra-red region of 
the solar spectrum from 7160 to \= 10,000 Angstrom 
units, which he had obtained by photographic processes, with 
the help of gratings and prisms. The complete description of 

’ I^hiL Trans,, 171 . 1 , 653 (1880) ; and also 177 . A, 457 (1886). 

T. ?. C. Q 
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the method Abney employed in the preparation of the photo- 
graphic plates sensitive to this region will be given at length in 
Chapter XI. ; suffice it, therefore, to say here that the ordinary 
silver bromide emulsion appears red by transmitted light, and 
is, therefore, readily absorbent of the blue rays, Abney suc- 
ceeded in the preparation of an emulsion which was blue by 
transmitted light, and which, therefore, absorbed the red rays. 
He found that such emulsions were sensitive to as far as wave- 
lengths of 20,000 A.U. The process of preparing the plates 
for this work is very troublesome, and as they very soon lose 
their sensitiveness to the red rays, this method of investigation 
has found very little application since the brilliant work of 
Abney himself. At the present time there are known methods 
of dyeing photographic plates in order to render them sensitive 
to the red end of the spectrum, and, indeed, there are upon the 
market certain brands of plates especially made for work in this 
region. Under certain circumstances it is possible to reach 
X = 9000 A.U. by means of such plates. 

With the exception of the photographic methods, it may be 
said that all the modem instmments of measurement in this 
region depend upon the heat action of the rays. By means of 
the modem apparatus it has been found possible to penetrate 
an extraordinary distance into the infra-red region of emission 
spectra, and to detect radiations with a wave-length of 100 fi 
(o*i mm.). It may be said that the work in this region has 
been carried out in three directions j we have, first, the exten- 
sion of the solar spectrum and the measurements of the wave- 
lengths of the Fraunhofer lines ; secondly, the determination of 
the wave-lengths and indices of refraction for various media 
of rays of very longwave-length ; and thirdly, the determination 
of the distribution of energy in the spectrum of an absolutely 
black body. 

Without entering fully into the historical development of 
the methods of work, it is necessary to shortly treat of the 
means employed to determine the position which a particular 
ray occupies in this region— that is to say, the means employed 
to calibrate this region in terms of wave-lengths. In the case 
of a grating being used as the dispersing apparatus, then the 
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angles of diffraction give at once the wave-lengths, but when 
prisms are used one has no guide whatever towards the wave- 
length determination, for it is clearly impossible to extrapolate 
on a dispersion formula. In the latter case interference bands 
arc Used, by counting which one can readily tell how far one 
is progressing into the unknown region. These were first made 
use of by Fizeau and Foucault^ in 1847. Mouton, in 1879, 
published an account of some measurements of the wave- 
lengths of tlie long heat rays, in which he employed these 
interference bands. These bands were produced in the follow- 
ing way.^ A quartz plate, cut parallel to its optic axis, is put 
between two Nicol prisms and perpendicular to the path of the 
light ; the principal section of the quartz plate makes, there- 
fore, an angle of 45° with the principal sections of the Nicols. 
Under these circumstances two interfering components are 

obtained, with a difference of phase which is equal to 

where e is the thickness of the plate, and the indices of 
the extraordinary and the ordinary rays respectively, and A. the 

- 4 - I 

wave-length. When this expression equals ^ being 

sonic whole number, then a black band will be produced. As 
/i represents the order number of the fringe, it is only necessary 
to know it for one fringe, when it will be known for all, as it 
changes by one from fringe to fringe. From the above relation 
the wave-length corresponding to any band can be found from 
the equation — 

X - 

2/s -t- I 

if fi, 7 i and the indices of refraction are known. 

It is clearly impossible to measure c by ordinary methods, 
and it is, therefore, necessary to use optical means. This 
Mouton effected by allowing the light from the last Nicol to 
fall upon the slit of a spectrometer provided with a grating, 
and by measuring the deviations produced for two bands, and 
from his knowledge of the wave-lengths corresponding, he was 

^ Comptes rendits^ 26 . 447 . * Ann. Chim. Phys, ( 5 ), 18 . 145 ( 1879 ). 
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able to calculate the values of e and k. In order to do this it 
was necessary to know the values of — /aq for the wave-lengths 
dealt with; these were obtained from an interpolation formula 
derived from the well-known Cauchy dispersion formula — 

a 

/^o “ , where a = ©•0088205 and ^ = o*oooio93. 

These constants were obtained from observations in the visible 
region, and cannot be used for extrapolation into the infra-red. 
When the valves of e and ^ had been obtained, it became 
simply necessary to measure for the interference bands 

in the infra-red, from which the wave-lengths corresponding 
could be obtained at once. This Mouton carried out by 
means of an ordinary spectrometer, provided with a Thollon 



Fig. 8$. 

prism pair; a diagram of his apparatus is shown in Fig. 85. 
a and ^ are the two Nicols, and c the quartz plate ; d is the 
slit of the spectrometer, / and g the prism pair, and i a 
delicate thermopile placed in the focus of the telescope lens. 
By means of the thermopile the positions of the black inter- 
ference, or “ cold,” bands in the heat spectrum are detected. 
The rest of the apparatus explains itself. 

In 1881 was published the first notice of Professor S. P. 
Langley’s bolometer,^ which was an exceedingly great advance 
upon any of the apparatus which previously had been used. 
This apparatus, which Langley called the actinic balance or 
bolometer, consists of an electrical resistance thermometer — 
that is to say, an instrument which measures temperature in 

* Amer, foum, Scietue (3), 21 . 187 (1881) ; Chem. JYavs, 43 . 6 (1881) ; 
Ann. Chim. PTiys.^ 24 . 275 (1881). 
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terms of the change of electrical resistance of a very fine strip 
of metal. The elementary theory of the instrument is as 
follows : — 

The current from a battery divides itself at A (Fig. 86) 
into two portions, one of which passes through a long bent 
strip of metal at and the other through an exactly similar 
strip at h\ they both join at B and return to the battery. 
Evidently if the resistance of the two arms be equal, equal 
quantities of current will travel along each, but if the resistance 
of one be greater, less current will flow along that arm, and, 
consequently, a certain amount will flow through the galvano- 
meter G, an amount directly proportional to the difference of 
resistance between the two arms. If now a and h be made 
of exactly the same length of similar strip, then their resistance 
will be the same when at the same temperature; in actual 



Kkj. 86. 



practice this is oftcri not absolutely secured, and a resistance 
box is introduced at r, to compensate for the slight difference 
in a and and also in the resistance of the two arms as a 
whole arising from slight differences in the two leading wires. 
Let us suppose now that the two strips a and b are at e.\actly 
the same temperature, and the resistance of the two arms 
absolutely equalised, then no current will flow through G ; if, 
however, either a or h be heated, its resistance will at once 
increase, and the balance will be destroyed, with the result that 
the galvanometer needle will be deflected by an amount pro- 
portional to the difference in temperature between a and 
In practice a and h are both brought close together, so as to 
secure their both being affected equally by change of the room 
temperature ; one alone is exposed to the radiation, the other 
being screened. The arrangement of the strips is diagram- 
niatically shown in Fig. 87, there being an equal number of 
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strips in a and b, with half of those of b set on each side of 




Feg. 88. 

the radiation as possible. 


those of a. These strips, which 
are made of very thin steel or 
platinum, are arranged, accord- 
ing to the diagrams, upon 
ebonite frames, shown in Fig. 
88, and these frames are 
mounted in a wooden or 
ebonite tube, as shown in 
Fig. 89 at B, ' 

The arrangement of the 
strips upon the frames will be 
seen quite clearly from Fig. 88, 
where they are shown by the 
dotted lines. The central set 
of strips on each frame form 
one arm of the balance, and 
the outer sets form the other 
arm. The upper ebonite frame 
exactly fits upon the lower, and 
the strips upon each frame are 
so placed when the two discs 
are fitted together that those 
upon the one disc lie in the 
spaces between those upon the 
other disc. This arrangement 
is adopted in order to expose 
as much surface of the strips to 
The two discs fixed together are 
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mounted in an ebonite or wooden tube, as shown at B, Fig. 89, 


A screen, K, is mounted in the tube 
just in front of the discs, in order to 
protect the outer sets of strips from 
the radiation ; diaphragms, as shown 
at SS, Fig. 89, are fixed to minimise 
the air currents inside the tube. 

I'he apparatus shown in Figs. 88 
and 89 is an old form ; the design 
most recently employed by Langley 
is too complicated for reproduction on 
a small scale. ^ It may be pointed out 
that when the bolometer is in use a 
current of electricity is continually 
flowing through the arms, the amounts 
flowing through each arm being ex- 
actly balanced when at the same 
temperature. 

"rhe instrument described here is 
known as a surface bolometer — that is 
to say, one which exposes a consider- 
able surfai'.e to the radiation; such 
an instrument is of no use for the 
measurement of si)ectruni lines. In 
this casti the sets of strips as depicted 
al)ove, are replaced each by one or 
more stn])s, mounted upon their edges 
so as to form a very narrow line, and 
expose as narrow a surface as possible 
to the radiation. The smaller the 
angular magnitude of the exposed 
strip, the more accurate will be the 
deterininations of the position of 
spectrum lines. With the earlier 



forms of this apparatus Langley was Frn. 89. 


able to measure a rise of temperature 

of cocooi*^ C., and in his later apparatus he reached 


a 


‘ Annals of the Astrophysical Observatory, Washingion, toI. i. 
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sensitiveness of 0*000001° C. In the final form only one strip 
was exposed, which was 0*5 mm. broad and 0*002 mm. thick. 

With these bolometers Langley investigated the heat 
spectrum of the sun, and at first measured the absorption 
caused by the earth’s atmosphere. This was carried out by 
making observations with the sun high and low in the sky, and 
also by transporting the whole apparatus to a station on Mount 
Whitney, nearly 15,000 feet high.^-. 

The first observations of the infra-red spectrum were made 
with the help of a flint glass prism as the dispersing apparatus, 
and a map of the new region was published,^ in which the 
abscissae were proportional to the deviations produced by the 
prism. In order to determine the wave-lengths of the absorp- 
tion bands on this map the following device was adopted ; ^ the 
rays from the sun were first diffracted by a grating and then 
refracted by a prism, and in this way the indices of refraction 
for rays of known wave-length were obtained; further, the 
prism served to separate the various superposed orders ol 
spectra produced by the grating. A diagram of the apparatus 
is shown in Fig. 90. A beam of sunlight from a heliostat falls 
on to the concave mirror M, which focusses it upon the slit Si 
of a concave grating apparatus. This slit is protected from 
the great heat by a plate of iron, pierced with a hole, which is 
only a little larger than the slit. From the slit the rays fall 
upon the concave grating G, which focusses the spectral rays, 
as is known, on the dotted circle. At Sa, where the photo- 
graphic plate, or eyepiece, is usually placed to observe the 
normal spectra, there is a second slit, which forms part of a 
prism spectrometer, of which the lenses are shown at Lj 
and La, and the prism at P. The second lens focusses the 
image of Sa upon the bolometer at B ; the arm carrying the 
bolometer rotates round a centre under the prism, and there 
is an arrangement for always keeping the latter in the 
position of minimum deviation. The readings of the angle 
of deviation produced by the prism could be read accurately 
to i' of arc. The grating was one ruled by Rowland, with 

» JVa/ur^, 26. 314 (1882) ; Brit. Ass. Rep.y 1882, p. 459. 

' Mag. (5), 16. 153 (1883). » 3id., (s), 17. 194 (1884). 
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T. he method of experiment with the apparatus can be very 
shortly described, best in Langley’s own words. “ The apparatus 
having been previously adjusted, and the sunlight properly 
directed by the heliostat, the visible Fraunhofer line D.j of the 
third spectrum of the grating was caused to fall upon” the slit 
S, of the spectrobolometer. Then, according to the theory of 
the grating, there passed through this slit rays having the 
wave-lengths — 

0-589/4, third spectrum, 

0*888/4, second spectrum,^ 

1*767/4, first spectrum. 

The prism having been removed and the telescope brought 
into line, an image of was formed in the focus of the objective, 
and, on testing with the boldmeter, the face of which was 
covered by a screen with a 2 mm. slit, a deviation of the gal- 
vanometer needle of 30 divisions was produced. The prism was 
then replaced, and then the angles of deviation were sought for 
the three rays. The first, ue, D^, gave a deviation of 47*^ 41', 
and the third was found by turning the bolometer little by 
little^ about the position where the ray was expected, until the 
maximum heat effect was obtained. The slits were then 
narrowed in order to increase the accuracy of reading, and 
finally,^ the deviation for the ray A. = 1767/4 was found to be 
45 10. Proceeding in this way the deviations were obtained 
for several different rays, and a curve of dispersion constructed 
for the prism.” 

In a first investigation with this apparatus Langley carried 
his measurements to the limit X = 2-03/4. After this work the 
a.pparatus was greatly improved in many ways ; greater sensi- 
tiveness was obtained in the bolometer and galvanometer, and 
also the prisms and lenses were made of rocksalt, which 
eliminated the absorption exercised by the glass. 

In a later investigation 2 upon the solar and lunar infra-red 
spectra, Langley found that the limit of the former was prac- 
tically at X = 5/4, but that he was able to trace it to an 
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estimated limit of X = i8/x. It is probable that the heat 
energy in this part of the sun’s spectrum is strongly absorbed 
by the atmosphere. In the moon’s spectra the chief maximum 
lies between 13 — 14/^, and from these and other observations 
Langley estimates the temperature of the moon in sunshine 
to be not more than 0°. 

In his final work upon the solar spectrum, Langley made 
use of a new apparatus the light from a 20-inch siderostat 
passed through the slit of a horizontal collimator, which pos- 
sessed a lens of rocksalt 17 cms. clear aperture, and 10 metres 
focal length. This lens focussed the ray upon a prism or 
grating; the prism was of rock-salt, and was i8’S cms. high 
and 13 cms. deep in the face, and had a refracting angle of 60”. 
The angular width of the bolometer thread was decreased to 
3" of arc by using a telescope lens of 5 metres focus; the 
sensitiveness was thereby increased, and by improvements in 
the galvanometer the apparatus was made capable of detecting 
a temperature change of 0*00000 C. The whole spectrometer 
was of the fixed-arm type, and the spectrum was made to pass 
over the bolometer strip by rotating the prism. An automatic 
self-registering method was adopted of recording the galvano- 
meter readings. The spot of light reflected from the galvano- 
meter mirror was focussed upon a broad strip of photographically 
sensitive paper. This paper strip was caused to move slowly 
in a vertical direction, and in this way a faithful record of the 
excursions of the light spot was obtained. At the same time 
the prism was slowly rotated, and, therefore, this record clearly 
showed all the temperature changes of the bolometer as the 
spectrum passed over it. Further, the motions of the sensitised 
paper and the prism were exactly co-ordinated, so that the 
angular position of the prism corresponding to any portion 
of the galvanometer record could at once be obtained. In 
this way, since the dispersion of the prism was already known, 
the wave-length of any spectrum line shown upon the record 
could be found, and also, from the length of the throw of the 
light spot its intensity estimated. The delicacy of this apparatus 
was sufficient to show the D lines widely separated, with the 
' Rnt. Asi, Ri/t,, 1894, p. 465 ; and Nature, 61 . 12 (1894). 
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nickel line in between; a diagram of a portion of the b olo- 
graph record is shown in Fig. 91, which is reproduced with 
Professor Langley's permission from the Afinah of the 
physical Observatory^ Washmgton. By means of this api^ai'iitus 
Langley mapj^ed the solar spectrum as far as X = 5-5^, iincl 
observed 700 lines between A and this limit. 

Although for many years Langley was the only worker in 
this field, yet, before his final i-esults were published, iiivesti- 
gations had been begun and carried out by other experimoiitcrs, 
though not in the direction of the determination of the wave- 
lengths of the Fraunhofer lines. One of these was by Carvnllo, 
on the dispersion of fluorite, under the title of Sfeefres C'aiori- 
fiqties^ carried out during 1893 and 1894.1 The chief iiTitercsl 
of this paper lies in the improvement he introduces into 
Mouton’s method described above. Mouton’s metliod de- 
pended upon the use of the black bands in the sioectriitn 
produced, according to Fizeau and Foucault, with two Nicols 
and a quartz plate in between them ; these black bands served 
the same purpose as the Fraunhofer lines in the visible spectrum, 
the indices of refraction being measured for the points 01 
rninimum intensity of the black bands. Carvallo fouiidL fault 
with the use of these points of minimum intensity, because the 
change of intensity at these places is very slow, and thierefore 
the setting of the thermopile or bolometer is a matter of 
some uncertainty. It is preferable to use the regions wlicre 
the rate of intensity change is the greatest, i,€. halfway betw'coii 
the centre of a black band and the centre of a bright ban. cl. At 
these places the difference of phase between the interfering 

rays is equal to a whole number of waves ± If now 0 he; 

the difference of phase, the intensity i of the spectrum can he,! 
found from the equation f = I cos^ 7r<^, where I is the intensity 
of the incident light If now either the analyser or the polariscr 
be turned through 90°, so that they became crossed instead of 
parallel, as they were in Mouton's case, then the intensity is 
complementary to and may be found from i = I sin"-* ttcA* 
Carvallo bases two methods of experiment upon this ; in the 

^ An 7 i, Chm. et P/iys. (7), 4. 5. 
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firet of these he measures by the thermopile both i and one 
with the Nicols parallel, and the other udth them crossed, and 

from these values finds the value of which it can be 

seen is equal to cos Now, when <f> = k ± where k is 

the whole number of waves, then, of course, cos = o j by 
a series of observations, therefore, the deviation is found corre- 
i 

spending to = o, which is where the phase difference is 

equal to a whole number of waves + J;. In the second method 
the quartz plate and the analyser are set between the prism 
and the telescope, the analyser being so turned that its double 
refraction is utilised, and two spectra, one immediately above 
the other, are seen in the telescope; the intensity of one of 
these spectra is equal to f, and that of the other to These 
two spectra are thrown upon the two arms of a differential 
thermopile, so that i — { is automatically measured by the 
galvanometer. As before, the position of the telescope is found 
corresponding to the condition that i — i\ and therefore also 
cos 27 r^, is equal to o. By this method the refractive indices of 
fluorite were measured between X = i ’849/4 and X = 0*39681/4 
(H line).’^ 

A considerable amount of very important work has been 
carried out by Rubens in the way of measuring the dispersion 
of various bodies for rays of very long wave-length ; the first 
paper by Rubens was on the dispersion of infra-red rays.*** 
In this research the indices of refraction of very many sub- 
stances were determined with the help of a bolometer, inter- 
ference bands being employed as landmarks, as in the case of 
Mouton’s method. These were, however, produced in a 
different way; the light beam from an artificial source was 
reflected into the spectroscope from the two parallel walls 
enclosing a thin layer of air, and in this way the interference 
bands were produced. The determination of the wave-length 
corresponding to the centres of these bands is rather simpler 
than It is in the case of the Fizeau and Foucault bands used 
by Mouton. If m is the order number of a particular band, 

^ See p. 93. 5 238 (1892). 
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d the thickness of the air layer, and a the angle at which the 
air-plate is set to the incident beam, in this case 45°, then 
we have — 

= 2d cos a = K 

and (m + i)X2 = 2d cos a = K, etc. 

By the observation of several bands in the visible spectrum 
it is possible to determine the values of m and X for the bands, 
and also of the constant K. When the order number m is 
known for any one band, the numbers of all at once become 
known, as those of two consecutive bands simply differ by 
unity, and, of course, as one follows the bands towards the red 
their order numbers decrease. If now n be the order of the 
last visible band in the red, then the wave-length correspond- 

ing to the first band in the infra-red will be equal to - - 

^ — i" 

The position of the bands was observed by means of a 
bolometer, two being used, which had a sensitiveness of 
5 X 10 and 8 X 10““'' C., respectively. Rubens measured 
the dispersion of fine crown and fine flint glasses, differing 
in constitution amongst themselves, water, xylene, benzene, 
carbon bisulphide, quartz, rock-salt, and fluorite, to as far as 
X = 3*o/x, when absorption begins j for the three last-named 
substances, the measurements reached X = 3-5/4. The results 
of measurements of the dispersion of rock-salt, sylvin, and 
fluorite were published by Rubens and Snow,' in which the 
same apparatus and method were used but the bolometer was 
rendered more sensitive, the limit being reduced to 3 x 10 “ C. 
Rubens, in his next investigation,*-* on the dispersion of fluorite, 
altered the experimental method and adopted that of Langley, 
viz. a grating and prism combined. Two gratings were em- 
ployed, made of wire wound round a frame ; in the one gold 
wire 0-0331 mm. in diameter, and. in the otlicr copper wire 
0*0250 mm. was used.® 'J'hese grdifings were made in such a 
way that the space between two consecutive windings was exactly 
equal to the thickness of die wires, i.c. in grating No. i the 

‘ IVieJ, Ami,y 46 . 529 (1892). ® Ihid,, 61 . 381 (1894). 

» Jhid,y 49 . 594 {1893). 
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grating space was o’o662 mm., and in No. 2 it was 0*0500 mm. 
Under these circumstances (see Chapter VI., p. 162) the even 
orders of spectra are absent, and only the odd numbers are 
present, which are consequently brighter. With the two 
gratings mentioned, the fifteenth and the thirteenth orders 
respectively were very good. The bolometer was the same as 
used in the last research, and the measurements were taken as 
far as X = 6*48 /a. 

In his next papers ^ Rubens extends his measurements, and 
shows the applicability of the Ketteler-Helmholtz dispersion 
formula ; but, as the constants obtained in this formula were not 
the same as those calculated from some later measurements, 
they need not be more than mentioned in this place. 

In order to understand the latest work of Rubens, in which 
he deals with the dispersion of substances for heat rays of the 
greatest wave-length, it is necessary to discuss the research in 
which the existence of these rays and the method of dealing 
with them were discovered. In 1896 Nichols, in Rubens’s 
laboratory, studied the reflecting power of different substances, 
especially quartz, and found that metallic reflection exists with 
the last for rays of about X = 9/x, ; the following brief descrip- 
tion may be given of the apparatus employed. The rays from a 
Linnemann zircon burner were reflected from a polished plane 
surface of quartz, and were focussed upon the slit of a spectro- 
meter by a rock-salt lens; a fluorite prism was employed as 
the dispersing apparatus, and for detection of the rays a radio- 
meter was used. It may be mentioned that Rubens had 
already measured the dispersion of fluorite so that the wave- 
lengths of the rays dealt with could be from the dispersion 
curve of this substance. The radiometer employed by Nichols 
in this work was a modified form of the instrument as originally 
devised by Crookes, in which mica vanes, accurately mounted 
upon a central spindle in vacuo, rotate when placed in the path 
of radiant energy. In Nichols’s form® of this apparatus the 
mica vanes ^ are suspended by a quartz fibre, and the angle 
through which they are turned from their position of rest is 

' Wied . Amt ,, 68. 267 (1894) ; and 64 . 476 (1895). 

® Ibid ., 60 . 402 (1897). 
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measured by the excursion of a spot of light reflected, as in the 
case of a galvanometer, from a very small mirror carried by 
the vanes. The following is a description of the apparatus, 
which is shown in Fig. 92 : — 

The outer case consists of a bronze cylinder, A, bored out 
to within 5 mm. of the bottom ; this cylinder is mounted upon 
a base provided with level- 
ling screws. A glass cover, 

B, is ground to accurately 
fit the top of A, and a 
tube connects the apparatus 
through the stopcock H to 
an air-pump. At ^ is a 
small bridge, from which 
hangs a quartz fibre carry- 
ing the two mica vanes 
a; at ^ is a small mirror 
suspended from the vanes 
by a very narrow glass 
rod, s. I'he weight of the 
whole apparatus on the 
quartz fibre is only 7 milli- 
grammes. There are two 
openings in A at r, c, one 
of which is provided with 
a brass tube closed with a 
fluorite plate through which 
the rays pass to the mica 
vanes ; the other opening 
is closed with a glass plate, 
and serves to admit the 
light to illuminate the 92. 

mirror at dr. 

The rays were allowed to fall upon one vane only, the other 
one acting as a compensator; the apparatus was so delicate 
that the energy from a candle 6 metres distant caused the 
deflection of the spot of light over sixty divisions on a scale 
placed metres away. Nichols claims that the radiometer 
T. i». c. 
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has the following advantages over the thermopile and the bolo- 
meter. It is quite undisturbed by all magnetic and electrical 
influences. It can be better compensated against stray radia- 
tions, and, finally, it is free from disturbance due to air currents. 
Against it, however, may be urged that it is not as transport- 
able as the bolometer or thermopile, and, further, all the 
rays examined must pass through the radiometer window, so 
that they suffer a certain amount of loss by reflection and 
absorption. 

In Nichols’s apparatus an arrangement of mirrors was 
adopted, so that the telescope need not be moved, the spectrum 
being caused to pass in front of the slit by simply turning the 
fliuorite prism. The wave-lengths of the rays were found from 
the deviation, using Paschen’s values of the dispersion of 
fluorite.^ 

With this apparatus it was found that a polished quartz 
plate had a reflecting power of about 0*33 per cent, at X =? 7*4 fc, 
and at X = 8*5 /u, the reflecting power was about 75 per cent., 
equal to that of polished silver for ultra-violet light. On 
examining the amount of light transmitted it was found that 
absolute absorption takes place for rays between X =: 8 /a and 
X = 9 

Immediately following this paper is one by Rubens and 
Nichols, 2 dealing with the metallic reflection occurring with 
quartz and other substances. The method of experiment was 
very similar to that used by Nichols, but the rays from the heat 
source were made to imdergo three or four reflections before 
entering the spectrometer. A grating was employed which 
was made by winding silver wire round a frame, and, as the 
wire was 0*1858 mm. thick, and the grating space 0*3716, it 
follows that the spectra of even orders were absent. A bolo- 
meter was used with fine platinum strips 0*5 mm. broad and 
0*001 mm. thick; also a radiometer exactly similar to that 
used by Nichols in all respects, except that the fluor-spar and 
mica windows were removed, and one 2*5 mm. thick of silver 
chloride was substituted. This instrument, however, could not 
be used for the rays of greatest wave-length, owing to their 
'*See Chapter III., p. 93. * metf, Ann., 60. 418 (1897). 
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absorption by this jvindow. The name given by Rubens and 
Nichols to the rays obtained by metallic reflection is " residual 
rays ’ (Reststrahlen), and the properties of these rays were 
investigated for many substances, of which the most important 
for our present purpose are quartz and fluorite. In the case of 
the former metallic reflection was found to take place at three 
points of the spectrum, viz. A. = 8-50 /i, X = 9-02 yx, and 
X = 2075 ^ of which the first two correspond to those found 
by Nichols, and the last one is generally known as the residual 
ray of quartz. In the case of fluorite the residual rays have a 
wave-length of X = 24'4 /*, and, after passing through a silver 
chloride plate, a wave-length ofX= 237 yx, showing that the 
rays of mean wave-length of X = 24‘4 yx are not homogeneous. 
Further, the absorption of these rays by substances, and the 
indices of refraction of rock-salt and sylvin for these rays were 
measured, and also their electro-magnetic character was proved. 
The absorption and refractive indices were ftyntninprl further, 
and published in a later communication ' by Rubens and Trow- 
bridge, and the absorption by Rubens,* and by Rubens and 
Aschkinass.® The residual rays of rock-salt and sylvin were 
investigated by the last two observers* with exactly gi'miiar 
apparatus, with the exception that a thermopile was used in 
place of the bolometer and radiometer which had been pre- 
viously used. This instrument consisted of twenty elements of 
iron and the alloy constantan ; short wires of these metals were 
soldered together, and the alternate joints were arranged to- 
gether so as to fonn a vertical line about 18 mm. long. This 
vertical line only was well covered with soot and exposed to 
tlie radiations ; the resulting potential difference was measured 
by means of a galvanometer which gave a throw of i mm. 
upon the scale with a current of i'4 x 10“’" amperes; and 
thus the accuracy of the reading of temperature was x'l x 
10“"® C. The rays came from an incandescent gas mhntle, 
and were reflected five times from sylvin or rock-salt faces. 
The wave-lengths of the residual rays were found to be, for 
rock-salt, X = 51-2 yx, and for sylvin, X = 6i'i yx, the last being 

' Wied. Ann., 60 . 724 (1897). ® Ilnd., 64 . 584 (1898). 

* Jhid,, 64 . 602 (1898). ■' Jhid., 66. 241 (1898). 
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amongst the greatest wave-lengths yet measured in emission 
spectra. 

Later, Rubens and Aschkinass devised a method of separating 
the long rays by passing them through a quartz prism of very 
narrow refracting angle; for, though this substance absorbs 
rays of shorter wave-length, yet it is very reasonably transparent 
to these rays — a quartz plate 0*5 mm. thick allows 61 per 
cent, of the residual rays from rock-salt and 77 per cent, of 
those from sylvin to pass. A diagram of Rubens’s apparatus is 



Fig. 93. 


shown m Fig. 93 ; A is the source of light, and is the first 
slit; the light then falls upon a concave mirror whence it 
falls as a parallel beam on to the grating g and the second 
concave mirror This mirror focusses the rays upon the 
second slit ^2* after leaving which they undergo five reflections 
from ^e surfaces /i, and ^5 of the material under 

investigation. The rays are finally focussed by the mirror H 
on to the thermopile T. K is a large chest which encloses 
the apparatus from stray heat waves, and the thermopile is 
further protected by being placed within an inner chamber. 
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In Fig. 94 is shown a plot of the results obtained for rock- 
salt, in which the ordinates, are the excursions of the galvano- 
meter needle, and abscissse the deviations produced by the 
grating. The maximum plotted in the centre of course 
corresponds to the rays transmitted directly through the grating, 
while the two side maxima are due to the residual rays when 
diffracted by the grating on each side of the normal. The 



actual numerical results of Rubens and his school’s work will 
be found under the heading of prisms in Chapter III., and 
therefore will not be given again here. 

Very valuable work has been carried out by Paschen in 
the direction of mapping the normal emission spectrum of an 
absolutely black body. In these investigations Paschen 
employed both a radiomicrometer and a bolometer for the 
measurement of the intensity of the radiation. The first- 
named instnimcnt was a modified form of that invented and 
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used by Boys^ for the measurement of the heat of the moon 
and stars, etc. This instrument, as modified by Paschen,*** may 
be described as follows : two alloys are prepared, one contain- 
ing ten parts of bismuth and one part of antimony, and the 
other equal parts of cadmium and antimony ; both of these 
alloys are cast into very small slabs, 0*3 mm, thick, 0*5 mm. 
broad, and 4 to 5 mm. long. One of each kind of these strips 
is soldered to a strip of silver 0*5 mm. broad, 0*03 mm. thick, 
and several mm. long ; this operation is carried out by heating 
the silver and gently pressing the alloy against it, when a good 
joint will be obtained. The general arrangement is shown in 
9 Sj where a and d are the little slabs of the two alloys 
which are soldered to the silver strip c. To the upper ends of 
these slabs and on the inner sides, the two ends d, e of a tliin 
silver wire are soldered j this wire is bent round to a hoop as 
is shown at c in Fig, 96. A very thin glass rod, G, is fastened 
to the silver wire, and carries a mirror, S, the whole being 
suspended by a quartz fibre, Q. It is, of course, necessary that 
the whole hang vertically and swing on its central vertical line. 
The thermocouple is suspended in the centre of a thick iron 
block, E, as shown in Fig. 97,* and the iron block E in its turn 
is set inside a copper block ; a hole is bored, as shown, to 
admit the radiations ; the silver hoop a hangs in a copper 
tube, R, which also has a window for the illumination of the 
mirror c. 

The poles N, S of a magnet are brought up against the 
opposite sides of the copper block, and the whole thermopile is 
made as small as possible, so that it all lies in an equal magnetic 
field. The portion of the silver strip exposed to the radiations 
is well covered with soot, in order to absorb them with greater 
ease. ^ The apparatus thus consists of a very small thermopile, 
which is formed of a triple junction instead of the usual couple. 
By the construction it will be seen that only the lower junction 
can get heated, and by this a small current will be sent round 
^e silver wire, which will cause the rotation of the instrument 
in the magnetic field. Generally, as Paschen says, the first 

Phil. Tratis.^ 180 . A, 159 (1889). * Wied. Ann., 48 . 272 (1893). 

® Boys, Phil, Trans,, 180 . A, 183. 
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test of an instrument will show that it is very unsensitive. 
This is owing to the para or diamagnetic properties of the 
materials used. For every instrument there will be found a 
particular strength of magnetic field for which the greatest 



Kic. 96. Fig. 97. 


.sensitiveness is obtained. Those which give the smallest 
oscillation period in strong fields are the best. The alloys 
may be obtained sufficiently free from iron by repeatedly 
melting them, and the silver by electrolytic deposition. Less 
diamagnetic circuits are obtained by using for the hoop silver 
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wire drawn through an iron wire-drawing plate, ]Paschen 
never succeeded in making an instrument completely in- 
different to a magnet. He made two instruments, wh.ich were 
equally sensitive in the same field, and gave with a at 

6 metres distance a movement of the spot of light over sixty 
to seventy divisions with an oscillation period of forty seconds. 

Paschen has also employed a bolometer, in which, he used 
the platinum-silver foil according to I-.ummer and Klurlhaum’s 
method.^ Three strips, o‘ooi mm. thick (platinum, 0*0005 
mm. thick), 0*5 mm. broad, and 1 5 mm. long, were stretrcrhcd as 

close to one another as 
possible, and formed one 
arm. Only those portions 
^ exposed to the radiations 
Avere freed from. silver, 
and then they were sooted. 
The compensation, resist- 
ance was adjustahlc by 
means of mercnry con- 
tacts actuated by micro- 
meter screws. 

The galvanometer “ 
used in connection with 
the bolometer had a de- 
j gree of sensitiveness that 
Fig. 98. a movement of the spot 

of light I mm. upon the 
scale at 2*7 metres distance corresponded to a current of 
I '6 X 10 ampere. The bolometer could carry a current 
of o'o6 ampere without disturbing the galvanometer needle, 
but only 0*038 to 0*04 ampere was generally used, a.nd the 
delicacy was then found to be such that i mm. throw on the 
galvanometer scale was produced by a change of temperature 
1000000° 

^ Thearrangement of Paschen’s apparatus is shown in Fig. 98 i 
it maybe pointed out that he was the first to substitute concave 

* See below, p. 252. 

® Zatschr.fur Instrummtefik,^ 13 . 17 (1893), 
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mirrors for rock-salt lenses, thereby doing away with, amongst 
other objections, chromatic aberration. The rays enter the 
slit S and fall on to the concave mirror Si, by which they are 
directed as a parallel beam through the fluorite prism P on to 
the concave mirror S^, which focusses them on to the bolometer 
at B. As will be seen, an automatic arrangement is employed 
for keeping the prism in the position of minimum deviation. 

It is quite impossible within the scope of this book to 
follow Pascheii through all his work in this domain, and give 
an account of it which could in any way do justice to it. One 
section of it only ('an be mentioned here, namely, the dispersion 
of fluorite.^ In this investigation it was necessary to employ 
a linear bolometer, and not a surface instrument such as was 
described above; the three platinum strips, used in the latter 
case, were replaced by a single strip of platinum, sooted on 
one side, 7 mm. long, 0*25 broad, and o'ooos mm. thick, with 
a resistance of 8 ohms. This instrument had about the same 
sensitiveness as the former instrument. One of Rowland’s 
gratings was used, which had been specially ruled for Langley. 
This grating had a ruled surface of 132 mm., with 142*1 lines 
to the millimetre, and a focus of 1753 metres. The results of 
these measurements are given in Chapter III., p. 93. 

Certain considerations respecting 1 e construction and use 
of bolometers have been given by Lummer and Kurlbaum’* 
which may prove of use. As a bolometric measurement is 
nothing more or less than the measurement of a resistance 
change with a Wheatstone’s bridge, therefore the general rule 
of a Wheatstone’s bridge here holds good ; namely, that the 

' IVicL Amt., 63 . 301 (1894). 

® The following is a list of Tasclicn’s papers upon liis work in the infra- 
red “ Bolometrischc Untersuchungen iin Gitterspectrum,’’ Wu'if. A/irt., 
48 . 272 (1893); “Ihe Ci(isammteuus.sioii gUihentleii Tlatins,’* IVtW. 
Ann., 49 . .50 (1893); ** Die Kmission dor Gase,” IVieti, Ann., 50 . 409 
(1893) ; 61. 1 (1894); ami 62 , 209 (1894) ; Die Dispersion ties Kluorils 
im Ultrarolh,” ll'ut/. Ann,, 66. 301 and 812 (1894) ; 66. 762(1895); 
“Die Dispersion ties Stciasalzes im Ullraroth,” //'/«/. Ann., 66. 337 
(1894); “ (ieselzmiissigkeilen in der Hpeclren festen Kdrper,’* INel. 
A?in., 68. 455 (1896) ; 60 . 662 (1897); “Die Vertheilung tier Kuergic im 
Spectrum ties sehwarzen Ktirpers,” Rer/. Rir., 1899, pp. 405 and 959. 

® med. Ann., 46 . 204 (18O2). 
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best relation between the resistances is obtained when the four 
arms (if four are used) and the galvanometer have the same 
resistance. In order to obtain the best conditions for a bolo- 
meter the following quantities should be made as large as 
possible : — 

1. The chief current through the instrument. 

2. The temperature coefficient of the metal strip. 

3. The portion of the bolometer resistance exposed to 
radiations. 

4. The resistance of the instrument. 

5. The absorption coefficient of the exposed surface. 

6. The irradkted surface. 

On the other hand, the following should be as small as 
possible : — 

7. The emission coefficient of the surface exposed. 

8. The heat capacity \ in other words, the thickness of the 
metal strip should be as small as possible. 

In practice, unless precautions are taken to the contrary, it 
will be found that troublesome movements of the galvanometer 
needle take place, either in the shape of a steady motion in 
one direction or of unsteady oscillations. The first of these 
motions is due to the heating of the bolometer filament by the 
current flowing through it, while the second is due to air 
currents within the instrument, caused by the heating of the 
filaments. Concerning the first trouble — namely, the steady 
motion of the spot of light, which often lasts a quarter of an 
hour after the current has been started — it is clear that, if all 
four arms of the bolometer had exactly the same resistance, 
cross-section, surface, etc., then no change in the spot of light 
would be obtained, as the changes would be the same in all ; 
this is also true, of course, if there be only two arms instead ot 
the four. 

We have thus another condition for good working — 

9. That the resistance of the bolometer arms must be 
equal. 

10. To meet the second trouble — the irregular oscillations of 
the spot of light — it is necessary to arrange that the air currents 
be as regularly distributed as possible. This is a tenth 
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condition for efficiency. As the air currents arise from the 
heat produced by the current, and as the heat depends upon 
the current density and the resistance, one might suppose it 
possible to choose such a resistance that the air currents would 
be reduced to a minimum ; but Lummer and Kurlbaum show 
that changing the specific resistance and the thickness of the 

c . 

filaments has no effect upon the air currents, as - is a 

constant where c is the current and R the resistance. 

By changing the length of the filament, so that the resist- 
ance is « times as great, the throw of the galvanometer -mirror is 
a/u times as great. If // filaments are used in parallel on one 
filament 11 times as broad, and the current ;; times as great, 
this being necessary for equal galvanometer throw, then the 
same relation is also true, that the throw is proportional to a/Vl 
In the first case we have a weaker current flowing through 
a high resistance, and in the second a stronger current through 
a low resistance. From a practical point of view the first 
condition is far more convenient, and thus we have another 
condition for efficiency — 

IT. That the bolometer consist of a very long and narrow 
filament. 

Lummer and Kurlbaum describe the method of construction 
of a surface bolometer — that is to say, an instrument for 
measuring the total radiation from a body ; as in the case of 
a linear bolometer the details are very similar, they may be 
quoted here at length. The chief difficulty lies, as can readily 
be imagined, in the preparation of the filament, so that all four 
arms of the bolometer can be exactly the same in- every way 
as prescribed by condition 9 above. None of the com- 
mercially prepared wires are anything like sufficiently accurate, 
nor is gold leaf, tin foil, or the like of any use. The difficulty 
of preparing a good filament is perhaps evidenced best by the 
fact that Julius ’ made use of the nickel platmg of his teapot, 
which he dissolved off with acid. A suitable filament can, 
however, be prepared in the following way. A piece of 

» Arch, Nkr,, 22 . 310 ( 1888 ). 



253 


SP£CTjROSCOPy 


platinum foil is welded together with a piece of silver foil 
about ten times as thick, and the whole rolled out. It is 
necessary, of course, to continually , soften the metal during the 
process by heating to redness in a charcoal fire, and then 
plunging into cold water. When the double foil has become 
very thin, it may be enclosed between two pieces of copper foil, 
and the whole again rolled. The thickness of the platinum 
can at any moment be estimated by noting its area. The 
platinum-silver foil can easily be separated from the copper 
pieces as long as its thickness is greater than 0*0005 
With thinner pieces the silver becomes so pressed into the 
copper that they cannot be separated. When a sufficiently 
thin piece of foil has been prepared it is mounted upon a glass 



Fig. 99. Fig. ioo. Fig. ioi. 


plate with Canada balsam, and cut to the required size by 
means of a dividing engine. For the surface bolometer 
described by Lummer and Kurlbaum, it is cut into the shape 
shown in Fig. 99, with twelve parallel strips 32x1 mm. and 
I 5 uim. apart. It is then dissolved off with chloroform, and 
mounted upon a slate frame with a solution of colophony in 
ether, which allows the strip to be accurately adjusted, as it 
dries very slowly. The appearance when mounted is shown in 

Fig. IOO. 

The two ends a and d are soldered to two pieces of copper 
foil ; these^ joints and the ends of the filament m and are 
covered with lacquer. The appearance of the mounted fila- 
ment from the back is shown in Fig. loi. The whole frame is 
then stood in dilute nitric acid to dissolve off the silver from 
the platinum; very great care must be taken not to break the 
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filament in doing so. Special precautions are necessary when 
washing with water after treatment with acid, as otherwise the 
surface tension between the acid and water will inevitably 
break the filament, Paschen, in the description of his linear 
bolometer, gives a method of doing this. • A narrow glass tube 
sealed at one end is filled with dilute nitric acid so full that a 
convex meniscus of acid stands above the level of the end of 
the tube. With this meniscus the etching is done, and then 
similar menisci of weaker and weaker acid are used, until 
water is finally employed. The 
filament is then allowed to dry. 

The next point is the cover- 
ing with soot. Lummer and 
Kurlbaum recommend a small 
paraffin lamp, a wick placed 
in a 4-mm. brass tube. A 
cliimney is put round this, and 
on the top is a copper disc 
about 12 cms. in diameter with 
a 4-mm. hole in the centre. 

The bolometer filament is 
moved about in the soot 
coming through this hole until 
it is well covered; only one 
side of the filament is sooted, 
the other being protected during the process by a metal 
plate. 

In the four-arm bolometer four such filaments are prepared, 
all of exactly the same size ; tlie method of connecting them 
together is shown diagraramatically in Fig. 102. 

The arms of the bolometer are placed at i, 2, 3, 4; G is 
the galvanometer, and Kj, etc., are simply plug keys, the 
numbers signifying the arms they connect together ; B is the 
battery, W a regulating resistance, and two mercury 
contacts. Either i and 4 or 2 and 3 are exposed to the 
radiation ; each arm consists of a filament prepared as described 
above, and the two together are mounted one behind the 
other, so that one set of strips is visible between the other set. 
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This can easily be managed, as the strips are i mm. v 
while the distances between them are 1*5 mm. 

One instrument prepared according to these directions g 
with an electric lamp of 3 candle-power placed at i ir 
distance, a throw of 414*8 mm. As regards the galvanomi 
needless to say, a very sensitive instrument must be emplo 
Paschen describes the maldng of one, on the model 
Thomson’s astatic instrument, to which, however, reference 
only be made.^ The constant of this instrument was al 

3*3 X io“i 2 

The Extreme Ultra-Violet Begion.— It was described ir 
introduction how the discovery of the ultra-violet region 
made first by Ritter and by Wollaston. This region was 
photographed by E. Becquerel by projecting it upon p, 
coated with silver chloride, when he observed the continm 
of the Fraunhofer lines as far as he was able to reach in 
region. Investigations were carried out in this region 
Stokes,® who made use of a quartz prism apparatus, 
observed the spectrum visually by projecting it upo: 
fluorescent screen. He observed in this way the s 
spectrum to about X = 3000, which is the limit set by 
absorption of the rays by the atmosphere. The spectmi 
the electric spark, however, he traced much further, and fc 
that aluminium in the spark emitted rays of the smallest w 
length he was able to reach — in fact, he observed the pai 
X = 186 and X = 185 /x/i. Mascart was the first to n 
measurements in this region by means of photography, w 
he succeeded in doing with the help of gratings. T 
gratings he placed always in the position of minimum devia 
(see p. 185), and by means of an ordinary spectrometer, 
a small camera put in place of the eyepiece, he took ph 
graphs of very small regions of the spectrum. The cross v 
were not removed from the eyepiece, and they therefore a 
shadow upon the plate at the point corresponding to 
reading of the telescope ‘.^upon the divided circle of 
instrument. From this he was able to measure the ang 

^ Zeitschr, fur Jnstrummienk,, 13 . 13 (1893). 

® Phil Trans., 142. 463 (1852), and 152. 599 (1862). 
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deviations of the various lines, and thus obtain their wave- 
lengths. The actual determinations were not particularly 
accurate. Attention may, however, be drawn to the fact that 
Mascart and also Soret fixed upon certain lines in the spectra 
of cadmium and other elements, and numbered them as 
standards of reference. These lines, especially those in the 
ultra-violet, are often referred to by their numbers, so they 
may be given here with their wave-lengths ; the latter, how- 
ever, are the most recent determinations. 


No. 

Wave-length. 

Observer. 

No. 

Wave-length. 

Observer. 

Cd I 

6438*68 

R. 

Cd IS 

2980*75 

K. & R. 

Cd 2 

5379‘3 

E. & V. 

Cd 16 

2837*01 

K. &R. 

Cd 3 

S 33 f ‘6 

E. & V. 

Cd 17 

2748*68 

K. & R. 

Cd 4 

5086*06 

K. & R. 

Cd 18 

2573*12 

K. & R. 

Cd 5 

4800*09 

K. ^ R. 

Cd 19 

2499*90 

K. &R. 

Cd 6 

4678-37 

K. & R. 

Cd 20 

2470*0 

E. & V. 

Cd 7 

4415-9 

K. k V. 

Cd 21 

2418*9 

E. & V. 

Cd 8 

/ 3988*4 

139847 

E. & V. 

E. & V. 

Cd 22 
Cd 23 

2321*23 

2312*95 

K. & R. 

K. & R. 

Cd 9 

/36i3'04 

\ 36 io ’66 

K. k R. 

K. & R. 

Cd 24 
Cd 25 

2261*13 

2194*67 

K. & R. 

K. & R. 

Cd 10 

13467-76 

K. & R, 

Cd26 

2144*45 

K. & R. 

\ 3466-33 

K. &R. 

Zn 27 

2098*8 

1 


Cd n 

3403-74 

K. & R. 

Zn 28 

2061*0 

Double 


Cd 12 

{% 

K. & V. 

K. & V. 

Zn 29 
A 1 30 

2024*3 

1988*1 

1 

( 

^ < 

Cd 13 

3133*29 

K. & R. 

A 1 31 

1933*5 

J >ouble 

1 

Cd 14 

©f-; 

K. & V. 

E. & V. 

A 1 32 

1852*2 

Double J 



R = Rowland ; K. & R. = Kayser and Runge ; K. & V. = Kder and 
Valcnla. 


Somewhat similar methods were used by Cornu, Liveing, 
and Dewar, and later by Hartley and Adeney, in their work 
on wave-length determination in the same region ] the actual 
details of the work do not require more than this brief mention, 
because they can hardly be considered as of more than 
historical interest, since the modern method, based on the 
coincidences between the orders of spectra with a concave 
grating, is far more accurate. 
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At the present time experimental work in the ultra-violet 
is perfectly simple, owing to the fact that the ordinary photo- 
graphic plates are perfectly sensitive to these rays, so that it 
is an easy matter to work in this region, either with quartz 
prism apparatus or with the concave grating. In the first case, 
of course, for wave-length determinations, it is necessary to use 
a comparison spectrum whose, lines have been measured with 
a grating. * 

It is necessary that all lenses and prisms used in an 
apparatus for the ultra-violet should be made of quartz or, 
better still, of fluorite, on account of the absorption exerted 
upon these rays by glass or calcite. The first-named can now be 
obtained transparent to X. = 2480, but not further, while calcite 
possesses an absorption band beginning at X = 2150, so that 
it cannot be used for rays of very short wave-length. It is 
generally stated that quartz is transparent to rays of as short a 
wave-length as X = 1850, but this depends very much upon 
the thickness of the quartz traversed by the rays. 

When it is desired to photograph the rays of very short 
wave-length, like A 1 Nos. 30, 31, and 32, several absorbing 
actions must be diminished as far as possible ; these are exerted 
by the prism and lenses, by the air, and by the gelatine of the 
photographic plate. The first two may be remedied by using 
an apparatus with small dispersion so as to lessen the amount 
of material, and lenses of short focal length so as to lessen the 
thickness of the air traversed by the rays. 

The absorptive power of quartz has been investigated 
recently by Schumann with the following results.^ He made 
use of an apparatus with a single quartz prism of 60® refracting 
angle, and plano-convex lenses of 150 mm. focal length ; the 
mean thickness of quartz traversed by the rays was 2 1 mm. 
With this apparatus the aluminium lines. Nos. 30, 31, and 32, 
were readily obtained upon a sensitive photographic plate. 
Exposures were then made of the spectrum of the spark 
between aluminium electrodes with quartz plates of different 
thicknesses placed in front of the slit, in order to obtain the 
comparative effect. The first plate was 3 mm. thick, and in 
^ Wien, Ber,, 102 . IIa, 415 (1893). 
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this case a distinct weakening of the lines was noticed upon 
comparing photographs with and without the plate; this was 
especially the case with the line No. 32. The second quartz 
plate was 20 mm. thick, and again comparison photographs 
with and without the plate were taken. In this case complete 
absorption took place of all three lines, even with five minutes’ 
exposure, while without the plate five seconds were amply 
sufficient ; the same was true, of course, for a 50-ftim, plate. 
From these experiments it is possible to gain some idea of the 
absorptive power of quartz ; they show clearly how necessary 
it is to use apparatus with small amount of material and short 
focal length in order to photograph the lines A 1 Nos. 30, 31, 
and 32. 

The actual absorption exerted by the air is not accurately 
known, those estimations of Cornu * being clearly too high, in 
which he said that 10 metres of air were sufficient to absorb 
rays of the wave-length X = 211-84 Schumann succeeded 
in photographing Zn 29 (X = 2024) through 17 metres of air, 
and, after forty-five minutes’ exposure with a slit 1*5 mm. wide, in 
just reaching A 1 31 through 2 metres; tins latter only proves 
the opacity of this thickness of air to such short waves. More 
important is tlie fact that Kayserand Runge with an air layer of 
14 metres succeeded in measuring rays in the arc spectrum of 
arsenic with a Nvave-length of 2009 tenth metres.- 

These observations, although not quantitative, are sufficient 
to prove the point emphasised above, that, in order to reach 
A 1 32, it is necessary to use short layers of air. 

Now, A 1 32 represents the practical limit of the spectrum, as 
it is the utmost limit to which published measurements have 
as yet been carried. We are, however, indebted to Schumann 
for the extension of our knowledge to an estimated limit of 
X = 1000 — estimated only because as yet he has published 
no measurements of the lines he has photographed in this 
region. 

In order to extend beyond the limits of A 1 32, it is necessary 
to entirely eliminate the three absorptive influences mentioned 
above. The first and simplest is to replace the quartz in the 
’ Comptes Kmdns^ 88 . 1885 ( 1879 )* ® BerL Akad,^ 1 ^ 93 * 

T. P. C. « 
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apparatus throughout by fluorite, which has been found to be 
perfectly transparent to the rays as far as X = looo A.U. It is 
liardly necessary to point out that this substance must be 
absolutely clear and faultless —at the present time it is of very 
great rarity. The absorptive action of the air is eliminated by 
working in a high vacuum, that is to say, the whole apparatus 
is exhausted as far as possible by a mercury pump, so as to 
enable the rays to pass from source to photographic plate with- 
out passing through any air at all. It is needless to point out 
how carefully such an apparatus must be made. Schumann 
describes two instruments, the second one being a perfected 
form of the first It would take far too much space to describe 
the apparatus in its entirety, but a brief description of the 
essential parts will not be out of place.^ 

Schumann points out that the whole apparatus must be 
exhausted, and that the following adjustments must be so 
arranged as to be controllable from outside the apparatus, 
without disturbing the vacuum : (i) rotation of the slit round 
the collimator axis; (2) the width of the slit; (3) the length 
of the slit; (4) the position of the effective slit aperture (this 
adjustment being for the purpose of taking adjacent spectra 
upon the plate for wave-length determination ; (5) focussing of 
both collimator and camera lenses ; (6) adjustment for minimum 
devotion; (7) adjustment of the angle between camera and 
collimator, so as to enable different regions of the spectrum to 
be photographed; (8) adjustment of the tilt of plate in the 
camera; and (9) movement of the plate in a vertical plane. 
All these adjustments Schumann has arranged for in his instru- 
ment, which may be briefly described as follows 

Fig. 103 is a diagram of the principal part of the system, 
namely, the central bearing, in sectional deviation ; a is the 
central cone, which is firmly screwed to the centre of a strong 
tripod stand, d, a lock iiut being shown at This cone is 
bored out in the centre, and forms the prism chamber; it has 
a cover, r, accurately fitted upon the top. Over the outside of 
the cone a is fitted the hollow cone which is accurately 
ground upon a, so that a perfect fit is obtained all over the 
^ Wiai. Ber,y 20 a Ua, 625 (1893). 
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surface. 1 he collimator tube is fastened to the inner cone 
while the camera tube is fastened to the outer cone b\ this 



Fkj. 103. 

allows the latter to be rotated round the central vertical axis 
of the instrument. The method of attachment of the collimator 
and camera tube is shown 
in Fig. 104, which is a dia- 
gram of a horizontal section 
cut along the dotted line 7 IL 
of Fig. 103. 

The collimator is 
screwed into ' the inner 
cone a at and the outer 
cone b is slotted from h to 
h to permit of its rotation 
within the necessary limits ; 
the telescope is screwed on 
to the outer cone b at z, while the inner cone is slotted from k 
to to allow the passage of the rays from the prism. 

As will be seen in Fig. 103, the bottom of the inner cone a 
is conically bored, and into this is fitted the plug which is 
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screwed into the disc /; the plug y is held in position by lock- 
nuts to prevent its falling out when the apparatus is not 
exhausted. The disc I is the platform upon which the prism 
table rests; this may be rotated by turning the plug/, which 
may readily be done by means of a large milled head upon its 
lower end. The two arms /;/, m are fixed to /, and are fitted 
witli verniers reading upon a divided circle, so as to enable the 
position of the prism to be read at any time. A similar purpose 
is served by the arms «, which are provided with verniers 
reading upon the same divided circle ; these give the rotation 




of the camera tube, and hence the angle of deviation. Attention 
may be drawn to the ring o, which is screwed on to the inner 
cone and is provided with lugs ; by screwing up the ring o 
one is enabled to raise the outer cone off the inner one, if by 
any chance it has b^ome fixed by remaining in one position 
too long. 

The upp^ lid c is conically bored in the centre, and the 
glass tube q is ground therein ; this tube connects directly with 
a mercury pump ; a plug is screwed in at p to restrain the flow 
of air when the apparatus is suddenly exhausted or opened 
when vacuous to the atmosphere. 
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A diagram of the arrangement for focussing is shown in 
Fig- 105* end elevation. ^ is a portion of the 

collimator or camera tube, and ^ is a round metal block soldered 
to the side. The plug c is ground into a conical hole drilled 
in and carries a pinion wheel, which engages in a rack, 
screwed to the inner tube/, which carries the lens at^; the 
plug c is fitted with a milled head, whereby it may be turned. 
In order to know the position of the inner sliding tube/, on 



Fin. 106. 


the opposite side of the tube a is a hole cut at h ; and this is 
hermetically sealed with a glass plate / ; the sliding tube is ruled 
in millimetres, and its position may be read off against a zero 
mark upon the tube a. 

The camera itself very much resembles a stop-cock placed 
in a vertical position. Fig. 106 represents the camera in 
sectional elevation, and Fig. 107 a horizontal section through 
the axis of the telescope tube, /.<r. through the line XX. The 
outer barrel of the apparatus is shown at a, and the inner 
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conical fitting at the two cones being very accurately ground 
together. The inner part of d is cut away, as shown in the two 
diagrams, while the camera tube is securely fastened on to the 
barrel a at c. Two lugs, //, are screwed on to the top of /^, 
and serve as handles for the rotation of The top of a is 
divided for a short distance in degrees to enable the rotation 
of ^ to be measured. On to a projection under a is screwed a 
nut e, into which again f is screwed ; this, as before described 
for the main conical bearing, is for the purpose of loosening the 
cone h if it has got jammed in a, 

X 


Fig. 107. 

For the vertical motion of the plate the following device is 
adopted : On the back of the opening in ^ is a long vertical 
slide running from top to bottom — this is not shown in Schu- 
mann s diagram, but may be represented by the slotted pieces^, g 
(see Fig. 107). The sliding piece in these two ways is fastened 
^ (Fig; 106), into which slides the plate-carrier, 
is shding piece is also fastened to the nut z, in which works 
the screw which forms part of the plug /. This plug / is 
ground m to a conical hole bored in the top of the inner cone h. 
Thus, by simply rotating this plug, the plate can be raised or 
lowered as required; the amount it is raised or lowered can be 
directly read off upon a scale by means of a divided drum, not 
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shown in the diagram. The slot ^ cut in the outer cone a is 
for the purpose of putting in or taking out the plate carrier, 
which is done by means of a key. In the diagrams the inner 
cone fi is so turned that the plate may be put in ; when this has 
been done, If is turned round so as to bring the opening opposite 
to the camera-tube end, and set the plate at the proper angle 
to the axis of the camera lens. The plate carrier has no cover, 
and therefore the changing of a plate must be done in the 
dark or ruby light. The size of plates actually used by 
Schumann is 37 x 1 2*5 mm., and the amount of possible vertical 
shift that can be given to the plate is 9 mm. 

The slit is a very com- 
plex mechanism, and is 
shown in Figs. 108 and 
109 ; the former is a dia- 
gram of the apparatus in 
elevation, and the latter a 
view of the slit mechanism 
obtained by cutting a section 
through the line VV. In Fig. 

109 only the essential part.s 
are shown, as Schumann^s 
drawing is very complicated, 
and hardly suited for rei)ro- 
duction. The main chamber 
containing the slit mechanism is shown at a; the plate 
which is securely screwed to a, is ground flat on the outer 
face, and this is held up against the similarly ground end 
of the collimator tube ; a small quantity of grease makes a 
perfectly airtight joint. Tlie slit is centred and held in position 
by the collar c and the set-screw ^/, the former being fastened 
to the plate If by two straps, one of whidi is shown at c\ The 
slit cover consists of a tube,/, which also has a ground exid, 
and is thus held by the atmospheric pressure against the slit 
chamber a. The plate /i is screwed to the end of the tube /, 
and 2 is a fluor-spar plate cemented on to /2. The reason for 
these fittings will be given below. 'Fhe slit mechanism proper 
is shown in Fig. 109, and consists of a vertical and horizontal 
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slit; the vertical slit, or slit proper, consists of one fixed jaw 
and one jaw movable by a micrometer screw; the horizontal 
slit also consists of one fixed and one movable jaw, but there 
is an additional arrangement by which the, whole of this slit 
can be bodily moved without altering its width. The two 
slits are immediately behind one another, there being about 


m. 



Fig. 109. 


o-ox mm. durance between the two sets of jaws. Inside 
the frame a is a strong back plate, on which the jaws are 
mounted, but this plate is not shown in the diagrams ; the jaws 
of the vertical slit are shown at kT, and these are fitted in 
grooves nioimted on the back plate. When the apparatus is 
mouiited, it is so placed that the edges of the jaws are 
parallel to the refracting edge of prism. One of the jaws, 
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is screwed to the back plate, while the other is moved by the 
micrometer screw / with a pitch of 0-2 mm., which projects 
from the taper plug m-, this plug, like all the others, is 
carefully ground into a conical hole bored in a, and is provided 
with the usual apparatus for measuring its rotation. 

The jaws of the horizontal slit are shoTO at d and d\ and 
are fitted to grooves on the frame /, which works in grooves on 
the back plate ; the micrometer screw q, of 0*5 mm. pitrh ^ works 
in a nut fastened to p, so that by turning the taper plug r the 
frame p carrying the whole horizontal slit can be moved to and 
fro. The micrometer screw j, of 0*2 mm. pitch, also engages 
in a nut on the frame p, but does not form part of the taper 
plug /; this plug t is centrally bored for some distance, and 
in this hole fits the cylinder a, which is an extension of the 
micrometer screw s. On the side of u is a small pin, », which 
slides in a groove cut in the inside of the plug t. It thus 
follows that when i is turned the screw s is to revolve ; 
but when by means of the plug r the frame p is made to travel 
backwards or forwards, the cylinder u simply slides in or out 
of the boring in the plug t. There is a small ring, w, fit^ to 
the spindle which is connected by a light framework to the 
movable jaw d' ; the ring m does not rotate with the screw s, 
and is held in position by a collar on each side, so that when s 
is screwed in or out of its nut on the frame /, the jaw d' is 
moved in or out. Each of the plugs is fitted with an ap- 
paratus for measuring the rotation, and in this way the 
travel of the slit jaws can be found at any time; further, 
on the plug m there is a stop fixed so that the jaws cannot 
be brought into contact ; this stop, in Schumann’s apparatus, 
limits the width of the slit to o'ooy-'oz mm., which is 
quite sufficient for ordinary work, but if required the stop 
may be removed and wider slit breadths obtained. These 
two diagrams of the slit give all the essential points of 
Schumann’s arrangement, but of course certain details are 
omitted, such as tlie springs to obviate the backlash of the 
screws, the slit grooves, etc. For more complete designs the 
original memoir must be consulted. 

Only one detail of construction now remains to be 
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described, namely, the arrangement by means of which the 
rotation of the various taper plugs controlling the different 
adjustments is measured. These are shown in sectional and 
ordinary elevation in Figs, no and in respectively. The 
taper plug is shown at a, and the divided drumhead at b ; this 
is accurately fitted to the plug and is fastened thereon by the 
nut €, Fitting accurately upon the outer cylinder ^ is a double- 
walled ring-piece, upon which a screw-thread is cut which 
engages, as shown, into a similar thread cut upon the inner side 
of the drum b. The ring-piece d is not permitted to rotate 
upon but is prevented by means of a pin working in a slot. 



FiG.no. Fig. ni. 


It follows that, as the taper plug a is turned, the ring-piece d 
is caused to move up or down, and its travel may be measured 
upon a s^le at /(Fig. iii). This scale is so arranged that 
one division corresponds exactly to one whole revolution of 
the fractions of a turn being read off the divided drumhead at 
g (Fig. III). This arrangement is common to all the adjusting 
plugs in Schumann’s apparatus. 

In carrying out work on the extreme limit of the ultra- 
violet spectra, it is necessary that the air layer between the 
source and the cover-plate of the slit of the vacuum spectro- 
graph should be as small as possible. In the case of the 
spark discharge Schumann succeeded in bringing the electrodes 
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within I mm. of the cover-plate; this distance was, therefore, 
the total amount of air traversed by the rays. A series of 
photographs of the spectra of various metals has in this way 
been obtained ; it has, unfortunately, not been found possible 
to remove this air layer entirely. The spectrum of the 
discharge through vacuum tubes, however, can more easily 
be dealt with, because an ordinary “ end-on ” ^ tube may be 
used ; such a tube has no transparent plate of its own sealed 
to the end, but is directly fitted on to the fluorite cover-plate 
of the slit. The end of the tube is greased and put in position 
on the fluorite plate, so that when exhausted it holds itself 
quite securely without any further support. In this way 
Schumann succeeded in photographing the spectrum of 
hydrogen down to an estimated wave-length of X = 1000 A.U. 
It may again be pointed out that it is quite impossible to 
measure wave-lengths by the prism in this new region, where 
nothing is known at present about the dispersion of fluorite ; 
the estimated limit of A xooo A.U. was arrived at by 
assuming the applicability of the known dispersion formula 
for fluorite.^ 

The following may be quoted from Schumann^s paper as 
a report of the results he has achieved. Of all the substances 
yet examined hydrogen alone gave a spectrum reaching the 
furthest limit of A = 1000 ; next follow the metals aluminium, 
cadmium, cobalt, copper, magnesium, lead, thallium, and 
tungsten, all of whose spectra end somewhere about A = 1700 ; 
this, however, is undoubtedly due to the layer of air unavoid- 
ably present in the path of the rays. ''J'hc atmospheric air 
absorbs these rays with great case, as it has been found that a 
layer i mm. thick at 760 mm. pressure entirely absorbs all the 
rays below A = 1700 A.U. 

In the experiments upon the spectrum of hydrogen tlie 
vacuum tube was in connection with the whole of the apparatus, 
so that this bec'ame filled with hydrogen as well as the vacuum 
tube itself. The rays on their journey to the plate had to pass 
through an atmosphere of hydrogen under reduced pres.sure, 
and it was found that this hydrogen exerted no absorj)live 
* See p. 391. 3 Sec p. 93. 
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power upon the less refrangible of the new rays, and probably 
none on those most refrangible. The new spectrum of 
hydrogen is one of considerable extent, consisting of fifteen 
groups of lines which are equally distributed ; there may be as 
many as a hundred lines. The maximum brightness lies about 
A = 1620, so that for this region a few minutes* exposure was 
sufficient, while as many hours were required for the most 
refrangible rays. 

It was mentioned above that the gelatine of the photo- 
graphic plate exercises a very great absorption upon these 
rays of short wave-length ; Schumann has investigated the 
amount of this absorption, and has devised special methods 
for the manufacture of plates suitable for this region, in which 
the gelatine is either reduced to a minimum or done away 
with altogether ; in the latter case a deposit of pure silver salt 
is employed. In his investigations on the absorptive power 
of gelatine, Schumann employed films of this material of 
different thicknesses, from 0*13 mm. to 0*00004 nini., which 
he prepared by allowing a definite quantity of gelatine solution 
of known strength to dry upon a glass plate. It was found 
that a film of 0*13 mm. thickness possesses an absorptive 
power which extends over the whole ultra-violet region, and 
reaches even into the visible spectrum; the absorption is 
practically complete beyond A = 2470. A film of o*oi mm. 
gave total absorption beyond A = 2266; while the extreme 
case of 0*00004 gave a distinct weakening of the extreme 
ultra-violet rays, which was even noticeable in the case of the 
lines A = 2061 and 2024. These experiments prove con- 
clusively that a gelatine emulsion plate is of absolutely no use 
for work on the extreme rays ; Schumann also found that egg 
albumen and collodion were just as useless. The special 
niethods employed by Schumann for making his plates will be 
given in the chapter on the photography of the spectrum 
(P- 3S9)‘ 
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THK APPLICATION OF INTERFERENCE METHODS TO 
SPECTROSCOPY 

Bv an interference spectroscope, or interferometer, is meant an 
apparatus in which a beam of light, coming from a single 
source, is divided into two portions, which by some means or 
other are caused to suffer a different amount of retardation, 
so that, when they arc reunited, interference is produced. 
Michelson was the first to make use of such an apparatus in 
spectroscopic work, and he was thereby able to bring a much 
greater resolving power into play than had been possible 
before. By means of his apparatus, which is known as a 
refractometer or interferometer, Michelson lias studied the 
structure of radiations or spectrum “lines,” which are so far 
homogeneous as to be beyond the resolving power of the 
largest gratings, and he has also determined the wave-lengths of 
certain radiations in the spectrum of cadmium in terms of the 
standard metre. These wave-lengths were measured with an 
extraordinary degree of accuracy, and serve as the standards 
of all interference measurements ; as we shall see in the sequel, 
Fabry and Perot have succeeded in the determination of the 
wave-lengths of certain lines in the solar spectrum and in the 
spectra of certain metals by a method of comparison of these 
with Michelson’s cadmium values. There are certain differ- 
ences between the values of these constants and those which 
were obtained by Rowland, and in all probability, therefore, 
on account of the greater inherent accuracy of interference 
methods the former will eventually be adopted as the refer- 
ence standards for all sixjctroscopic work.^ 

^ See Chapter II., p 47. 
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A diagram of Michelson’s interferometer is shown in 
Fig. 1 1 2.’ 

The rays from the source V pass through one or more 
prisms, in order to separate the various radiations from one 
anoAer, and are focussed upon the slit S; in this way any 
particular radiation can be separately examined. The light 
passing through the slit is rendered parallel by the mliimatin g 



lens, and falls upon the plane parallel plate Gi, which is set at 
an angle of 45° to the path of the light beam. The front 
surface of this plate is half silvered, so that a portion of the 
incident ray is reflected, while the remainder passes through 
the plate. The first portion travels to the movable plane 
mirror Mj, and the second to the fixed mirror Mj. These 
mirrors return the light to the silvered surface of G,, where the 
first portion is transmitted and the second reflected, so that 

' PMl. Mag. ( 5 ), 84 . 200 ( 1892 ). 
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both portions coincide and enter the telescope E. As regards 
the thickness of the silver layer on G„ Michelson remarks 
“that the light entering the telescope is a maximum, when 
the thickness of the silver film is such that the intensity of 
the transmitted light is equal to that of the reflected light. The 
silvering has another important advantage, in diminishing the 
relative intensity of the light reflected from the other surface. 
Indeed, for this purpose it is advisable to make the film 
heavier, even so thick that the reflected light is twice as bright 
as the transmitted. This does not affect the ultimate ratio of 
intensities of the interfering pencils, for what is lost by trans- 
mission on entering the plate G. is made up by reflection on 
leavii^ it, the effect being simply to diminish somewhat the 
whole intensity. Another advantage of the thicker film is that 
it can be made uniform with far less difficulty than the thin film.” 

The two mirrors are provided with screws for purposes of 
adjustment, and M.j is mounted on a sliding carriage, which is 
moved by a micrometer screw of i mm. pitch. The pencil of 
rays, which is in the first place transmitted by the silver layer 
on G„ as will bo seen, pas.ses three times through the plate Gi 
an exactly similar plate. Ga, is placed at an angle of 45° in 
the path of the other pencil in order to compensate for the 
retardation thus caused. 

Now, if there be no difference in path travelled by the two 
pencils, t,c, if the distances from the silver layer to the two 
mirrors be e(iual, there will be no interference. If, however, a 
small difference bo introduced by the moving of M.j, then 
interference fringes will be seen in the telescope as a series of 
concentric circles. These fringes are produced in exactly the 
same way as by a film or plate of air between two plane 
surfaces ; in other words, they are the same phenomenon as 
Newton’s rings. 

Michelson gave the tlieory of these interference bands, ^ 
and showed that the position of maximum distinctness is given 
by the formula — 

• V/iU. Mag. (5), 13 . 236 {1882). 
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where P is the distance of the plane of maximum distinctness 
from the mirrors, /o the thickness of the equivalent air plate 
where it is cut by the axis of the telescope, ^ the inclination 
of the two surfaces, and d and i the components of the angle of 
incidence parallel and perpendicular to the intersection of the 
surfaces. 

If, now, 6 be small, the variation of P with 9 may be 
neglected, and therefore— 


P = 


tan ^ 


tan 2, 


or, with sufficient accuracy — 



The focal plane, therefore, varies very rapidly with 1, so that, 
unless ^ = o, it is impossible to see all parts of the interference 
bands with equal distinctness. 

Putting = o, that is, making the surfaces truly parallel, 
then P = 00 , so that if the bands be observed with a telescope 
focussed for infinity the interference fringes will be equally 
distinct in all parts ] they will thus be concentric circles whose 
angular diameter is given by — 


where A is the difference in path between the two pencils. If 
instead of A we put 2t^ - lik^ and for cos 6 its approximate 
value I — 



If in the above apparatus the mirror be so set that there 
IS no ^erence in path between the two pencils, the illumina- 
Uon obtamed^ in the telescope will of course be a maximum ; 
If now ffie mirror be moved away i mm., a difference of 
path will be set up of 2 mm,, and a series of fringes will be 
seen. Michelson^ estimates the “visibility” of these fringes, 
* Phil, Mag, (s), 84 . 280 (1892). 
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the visibility being found from the expression V = 

where Ii is the intensity at the centre of a bright band a^ 1 , 
the intensity at the centre of the adjoining dark band. This 
visibility is etermined for each successive shift of the mifror 
Ma I mm. outwarik, and the values thus obtained are plotted 
on a curve, the ordinates expressing visibility and the absciss® 
differences of path This visibility curve has various forms 
depending upon the distribution of Ught in the radiation 
examined, and the actual structure of the spectrum “ line ” can 
he elucidated by studying the curve obtained. 

Before, however, proceeding to discuss the shapes of the 
visibility curves, it may be pointed out that Michelson drew 
up a table of corrections to be applied to the visually estimated 
values, in order to reduce them to the true values, />. a table 
of corrections for personal error. This was done in the 
following way : An apparatus was set up in which interference 
bands were produced, and in which the two values I, and I, 
could 1)0 obtained from the constants of the apparatus. The 
values were also observed and estimated; by comparine: 
the values obtained for the visibility by the two methods the 
personal error could he determined. * 

Iwo Quart/i lenses, one concave and the other convex, but 
of equal curvatures, were mounted with their crystalline axes 
at right angles to each other between two Nicols. Under 
these conditions a series of concentric interference rings 
appeared. If a lie the angle between the principal section of 
the polariser and the axis of the first quartz, and o> the angle 
between the axis of the second quartz and the analyser, the 
intensity of the ligiit transmitted will be— 

I = cos'‘*(<i) — a) — sin 2a sin aw sin^ 

A 

where /, is Uie thickness through the first quartz, and that 
through the second. If the analyser and polariser are parallel, 
then 0) = tt, 


and 

T. i». 


1 = 1 - sin'-* 2a sin* 
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whence 

Ii == I, and I2 sr 1 — sin'-* 2a, 

and 

Y _ Ii — I2 I — cos® 2a 

I] + I2 I + cos® 2a 


The visibility of the fringes in this apparatus was observed 
and estimated for all values of a, and were also calculated from 

the expression sets of values were plotted 

against the values of <?• The two curves differed in shape 
slightly, and a table of corrections was drawn up which was to 
be applied to all estimations of visibility, in order to correct 
the personal error in assessment of the intensities and to 
reduce them to the true values. These corrected values were 
used for the visibility curves. 

The interpretation of these visibility curves is based on the 
following.^ ' 

Michelson first showed that the visibility is given by — 

pa > 

where P -/<t>{x)dx, 

C=/^{x) cos 2trDxdx, 
and S =/<li(x) sin 2TrDxdx. 

In these expressions D is the difference in path between the 
two pencils, and <l>(x) is the distribution of intensity in the 
source, that is to say, in the radiation examined. By <l>(x) is 
meant the curve of intensity in the spectrum line with abscissa 
X in oscillation frequencies and ordinate some function of ;v. 
In Fig. 1 13 is shown such an intensity curve of a spectrum 
line; the abscissae x are expressed in oscillation frequencies, 
and it will be noticed that they are measured from the centre 
of the line. The function of x expressed upon the ordinates 
is e where e is the base of natural logarithms. Now, 

Michelson introduced various values of <l>{x) into the above 
expressions, and calculated the value of the visibility. As, 
however, the actual experimental observations only agreed 
with the distribution of intensity as given by Maxwell’s law, 

^ P/nl Mag. (5), 81 . 338 (1891). 
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we will only discuss this particular case. The distribution of 

intensity is given by this law to be ^(.v) = which is 
expressed graphically in Fig. 113. 

It must be remembered that in the expressions for P, C, and 
S given above the limits of integration are of course the limits 
of the illumination \ if, now, the illumination be perfectly sym- 
metrical, as shown in Fig. 113, then 
clearly S vanishes, and we have there- 
fore — 

v = ^ 

V - p. 

Now, Michelson at first assumed 
the symmetrical distribution of in- 
tensity, and afterwards found that this 
was justified. 

If, now, A be the extreme difference 
in wave-length of the radiations in 
ciuestion, and A(, the smallest difference 
that can be resolved by a grating 
having as many lines, N, as there are 
wavelengths in the difference of 
path, 

then A =: A., — X,, 

where \ and Xj are the wave-lengths 
of the extreme rays. If we put the 
difference in frequency between these 
rays = then we have- 



1 I ^ X — 
X4 X| x** 


if X = tlic mean of X, and 

Therefore A = X, — Xj = aXK 

Again = N, and thus = ^, 


Strictly speaking, llie geometric mean. 



276 


SPECTJ^OSCOPy 


therefore 


A aX^ 



where D, as above, = NA. = the difference in path. The ratio 
A . 

^ IS denoted in the following by the letter n. 

Amongst the several values used by Michelson for <l>(x) in 
the calculation of the visibility curves, the most important is — 


whicli is the distribution resulting from Maxwell’s law. The 
visibility curve is then given by — 

IT**//-! 

V = 

which is not periodic. 

If there are two sources, then Michelson shows that the 
visibility is given by — 


I + + 2 r cos 27r^ 


where r is the ratio of intensities in the two sources, X is the 
abscissa of the visibility curve, that is to say, the difference in 
path, and D the period of the curve, which is inversely pro- 
portional to the distance between the components. 

If now, as before, 


then we have T 


I + + 2r cos 29 r 

I + 27* + 


D 


Michelson now considers the “ half-width ” of the spectrum 
line; by the “half-width” is meant the value of .r when 
~ 3- _ It must be remembered that represents the 
<mrve of distribution of intensity in the line obtained by putting 
the values of the oscillation frequency on the abscissm and 
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those of ^{x) on the ordinates. The values of x are measured 
from the centre of the line, and therefore the true practical 
width of the line is about four times the “ half- width.” If we 
put 8 equal to the half-width we then have — 

fiu 

S = X when <f>(x) = that is to say, when = J. 

3 ® .1-“ 

N O W, £ “ ^ 6“ 

,v^ 

= 

or = 2 “ 8“‘ 

We have already seen that V = / ’ 

but 

therefore 
Now, as above, 
therefore 

and 

Substituting this in the expression for V, we have — 

V s= loKfu' 


/I = aX, 
v = ^r p • 

/a. 

e 1 

= log.2. 


8» 

log, 2 ' 


Again, if we put A for X when V = 1 that is, let A be the 
value of the abscissa of the visibility curve when V = i— 


then 


and 


loK,.*.! 


1 

2» 


-l0g,2 = - 




iog.2 ■ 


log ,2 = irAS, 


Thus 



278 


SPECTROSCOPY 


and 


8 = 


log,2 


0*22 

= ^ ' very nearly. 

This expression gives the value of the half-width in terms 
of oscillation frequencies; in order to convert into wave- 
lengths 8 must be multiplied by 

Substituting for 8 in the equation— 


we have 


V = loga2’ 

, 2^Iog«3 

V = ^ “ A“ 

X-* log, .a 

= I 2 I 
X“ 

sr 2 A“‘ 


1 herefore the equation for two sources in which the 
intensity is distributed according to MaxwelFs law is given 
by— 

Va =r 2 cos -g, 

where the symbol cos g is put for the expression — 




I + ^ 4* 2^ cos 27r 


T+r+lr 

Michelson then applied these theoretical considerations to 
acti^^ observations. He plotted the visibility curves for the 
radiations from different elements, most of which were excited 
by electric discharge in vacuo. In the case of the metals a 

^ If the width of a line in oscillation frequencies = \ 

while the width of the same line in wave-lengths = A .2 - therefore to 
convert the former into the latter it must be multiplied "by \\ ITiis is not 
strictly true ; \ is really the geometric mean of and 
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vacuum tube containing some of the substance was placed in 
a box which was heated just sufficiently for the electric dis- 
charge to pass freely and to give a steady light, when the 
temperature was kept as steady as possible. The visual 
observations of the visibility were corrected for personal error 
from the curve of errors previously described, and when the 
visibility curve was drawn, a formula was found to express it as 
closely as possible, from which the distribution of intensity in 
the radiation was obtained. 

The visibility curve of the red hydrogen line is shown in 
the full curve in Fig. 114 {b)i the dotted curve represents — 

V = 2 *9- cos ~ • 

30 



Fig. 1 14. 


The visibility curve is therefore practically the same as that 
calculated for a double source whose ratio of brightness is 
equal to 07. 

Now, D in the formula for V, or the period of the curve, is 
inversely proportional to the distance between the components 
of the pair of lines, this distance being measured as hitherto 
in oscillation frequencies. We may therefore put the distance 

between the wave-lengths of the two lines equal to The 

formula for the hydrogen red line gives D = 30, and as 
X = 6*56 X lo" ■* mm., wc have for the separation of the two 
components 
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Again, the formula gives A = 19, 
whence we find that — 

» . o . 

d = o'oiT5, or 0*049 Angstrom units. 
Therefore the half-width of each com- 
ponent is 0*049 A.U. From these 
data the curves in Fig. 114 (a) were 
drawn, the full curve showing the distri- 
bution of the intensity. 

Similarly for the blue hydrogen Hue 
the equation of the visibility curve was 
found to be — ^ 

V^a-iJeos'^J, 

so that here again is a double line with 
10 : 7 as the ratio of intensity of the 
components, Xj - z= o*o8 A.U. and 
S = 0*057 A.U. 

The radiations from oxygen, sodium, 
zinc, cadmium, thallium, and mercury 
were also examined, and in many cases, 
notably that of the' mercury green line, 
the sources were found to be very com- 
plex. The visibility curves are shown 
in Fig. 1 1 5, with tlie probable intensity 
curves of the radiations. 

The cadmium lines were esi>ecially 
interesting on account of their narrow- 
ness. The curve of the red line at 
X =•- 6439 agreed extremely v^cll witli 
the simple exponential curve — 

_ 

V = 2 iaS'-. 

This line is evidently, therefore, a single 
line whose half width = 0*0065. 

The green line at 5086 was found 
to be a close double, the intensity of 
whose components are in the ratio of 
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5 to 1 ; their distance apart is 0-022, and the half-width of 
each IS 0*0048, in Angstrom units. 

Michelson and Benoit afterwards applied this interferometer 
to the determination of the length of the standard metre in 
terms of the wave-lengths of the cadmium lines, ^ these rays 
especially being chosen on account of their width being so 
small ] they were found to be the most homogeneous of any 
rays eicamined. A description of the method would take up 
too much space, and it must suffice to give the final results 
obtained in air at o'’ and 760 mm. pressure. 

Red line, i metre = 1553163*5 A, /. k = 6438*4722 tenth metres. 
Green line, i metre = 19002497 x, /. \ = 5085*8240 „ „ 

Blue line, i metre = 2083372*1 x, x = 4799*9107 „ 

In the two last cases the principal component was 
measured. 

Following on Michelson's work, Fabry and Perot have 
applied interference methods to spectroscopy, and have devised 
an apparatus by means of which observations can be made 
with beautiful simplicity, <The principle of Fabry and Perot’s 
apparatus consists in the use of a film or layer of air enclosed 
between two plane parallel plates of glass. These two i^lates 
are half silvered on the inner sides, and set parallel to one 
another. The interference phenomena are obtained by allow- 
ing a beam of monochromatic light to pass through at normal 
incidence, and the fringes are observed in a telescope. 

If a source of monochromatic light be examined through a 
thin layer of air enclosed between two parallel surfaces of 
glass, a series of rather confused fringes will be seen on a 
uniformly illuminated background. It is clear that these 
fringes are produced by the interference between those rays 
which pass directly through the ai>paratus, €.g. the ray A, 
Fig. 1 1 6, and thos(j which undergo double reflection, the 
ray B. After the ray B luis been twice reflected, of course 
a small portion will undergo a further double reflection ; the 
intensities of this and of the multiple reflections generally, in 
the case of plain glass surfaces, arc so small as to have no 

^ Mht. dll Hurcau iuternat, des pohis et vtcsurcs, XI. I (iSys). 
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material influence. If / is the reflecting power of the glass/ 
the relation between the minimum and maximum intensities of 
the fringes produced is given by the expression — 



AVith a glass having an index of refraction of 1*52, the value of 
f at normal incidence is equal to o‘o42, whence p = o'84. 
There is thus but little difference between the intensity of 
the maxima and minima. If now by slightly silvering tho 
smfaces the reflecting power be increased, the phenomena 
\yill present quite a different appearance. If, for example, 
/=o74, then p is reduced to 0*02, 
that is to say, the minima become 
almost absolutely black. Further, the 

I 1 fringes are to be seen as very narrow 

brilliant lines separated by wide dark 

[ intervals. This effect is due to the 

I - I multiple reflections, which become of 

considerable importance now that the 
reflecting power is increased, and it is 
A B necessary in dealing with the rays 

Fig. 116. emerging from the apparatu.s to con- 

sider the interference which takes place 
between the rays directly transmitted and those which have 
undergone 2, 4, 6, etc., reflections. The fringes seen are due 
to the superposition of aU these rays. 

If X be the difference of path between the direct ray and 
the ray which has been twice reflected, then the successive rays 
will differ in their paths from the direct ray by A, 2 A, 3 A, and so 
on ; their intensities will decrease, but not very rapidly. If A 

be a round number of wave-lengths, if ^ be a whole number, 

all the waves will agree in phase, and there will be a maximum 

of intensity ; but if ^ differ a very little from a whole number, 
then amongst the successively reflected rays there will be 
‘ Ann. Chim. et Phys.^ 12 . 459 (1897). 
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found one which will differ very much in phase from the direct 
ray, and will thus considerably detract from the intensity ; and 
therefore it follows that the higher the value of /, the smaller is 
A 

the change necessary in from a whole number in order to 

produce a considerable decrease in the intensity. This is due 
to the fact that the more /increases, the greater is the effect of 
the multiple reflections. 

Fabry and Perot give a rigid proof of this, and show that 
if, again,/ be the reflecting power of each silvered surface, 6 
the fraction of the incident light each face allows to pass 
tlirough, and A the difference in path between the direct and 
twice reflected rays, then the intensity will be given by — 


- (I -ff ^ 


I -f 


4/ 

(X -n 


a Sm" TT 


1^ 'TT — 


Considering the second term on the right-hand side, and 
putting/ = o‘75, then this term becomes equal to — 


I 

A’ 

1 -|- 4^ sin*’^ TT ^ 

When, therefore, ^ is a whole number, this term is equal to unity, 

A. 

Q'i 

and the intensity reaches a maximum of — /^a ^ 

^ differs from a whole number, the above second term becomes 

. A 

rapidly smaller than unity ; and thus with a small change m ^ 

from a whole number a great decrease in intensity is produced. 
In other words, close on each side of a maximum the intensity 
falls very rapidly to almost zero, and the maxima are therefore 
very sharply defined. At the distanc'.e of one-tenth of a fringe 
from the maximum the intensity falls to one-sixth of the 
maximum. 

The definition of the bright fringes thus depends directly 
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upon/, but it must be remembered that as /is made greater, 
the absorption of light by the films increases, and therefore the 
whole qu^tity of light passing through the apparatus is 
diminished. The fact of this absorption limits the thickness of 
me silver films j in practice the thickness should depend upon 
e intensity of the light to be employed. The best process 
for SI venng is that given by Martin.^ By addition of water 
e s ength of the solutions can be varied so as to give 
^ything from a thin veiling to an almost opaque coating. The 
two plates should be silvered in the same bath in order to 
produce the same thickness of layer on each. 

The appearance of the fiinges depends absolutely upon the 
snape of the Umiting surfaces of the layer of air, since each 
™ge e nes the points of equal thickness of the air layer. 
WiOi a beam of monochromatic light at normal incidence one 
fringes will be formed ; these fringes are 
a ise in the air layer, and are thus rectilinear when the glass 
plane but not parallel, and they are circular when 
the surfaces are slightly convex or concave. The best way to 
obto them IS to adjust two optically plane silvered glass 
surfaces until they are perfectly parallel, and then to observe 
e fringes with a telescope focussed for parallel rays. A 
compete system of rings is then obtained, of which, pro- 

7(0 y a small section can be seen at one time in the 
telescope. 


monochromatic light, Ught consisting of 
' ^ lations be examined through the interference 

apparatus, two systems of fringes will be seen, the first due to 

*e other. If the two 
he M 1; then the tv9o systems of fringes will 

different • t ^oishable by their appearance, and also by the 
s^e^ . f T consecutive fringes in the two 

f ^ greater the wave-length of a ray the wider apart 
are the fringes it produces. 

to wave-lengths of the two radiations as equal 

Cr ^ 1 . ‘ ^ thickness of the 

y , then there will be a maximum for the ray X, when 

^ See Appendix, p. 555. 
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e = kx being some whole number which represents the^ 

number of the order of the fringe. In the same way there 

will be a maximum for the ray Xj when e = also being 

some whole number. If the two silvered surfaces are put in 
contact and tlien slowly separated, keeping them perfectly 
parallel, the two systems of fringes will be comparable to two 
scales, tlie divisions of which mark the thicknesses of the 

layer, which are multiples of and respectively. The appear- 
ance of the fringes in the telescope at very small thicknesses is 
that the fringes of the two systems are not properly separated 
from one another, and as the thickness of the layer increases 
and the fringes cross the field of view the fringes belonging to 
the two systems become more separated, until a region is 
reached when a fringe from one ray is situated exactly between 
two fringes from the other ray. After this point the fringes of 
the two systems get closer together, until two quite, or very 
nearly, coincide. After this they become wider apart, and 
then closer together again, and so on. 

The first coincidence between a fringe of the one system 
and a fringe of the other is when = ^, + i. 


Then ze = = {k^ + 1)^3 



The second coincidence takes place when , 

Ai — 

and, generally, the fringes coincide when *- 


= 71 


K - A, 


Evidently, therefore, the nearer A, and A^ are together, iu\ 
the nearer the two rays are in the spectrum, the greater are the 
intervals between the coincidences. For example, with the 1 ) 
rays of sodium for the first coincidence— 


/'j = rooo nearly, 
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that is to say, at about the thousandth fringe there will be a 
coincidence. These coincidences occur much more frequently 
with rays which differ considerably in wave-length. It must be 
noted that these coincidences are by no means always exact; 
in fact, they rarely are more than approximate. In Fig. 1 17 are 



Fig. 1 17. 


shown one exact and one appi;oximate coincidence. This is a 
diagram of the appearance given by superposition of the D 



Fig. 1 18. 


lines of sodium and the red 
line of lithium. It must 
be remembered that each 
fringe, in fact, forms a com- 
plete ring; in tlie figure 
only a small section is 
shown in order to avoid 
unnecessary complication. 
Fig. 1 18 shows the actual 
appearance of some of the 
fringes. Evidently, now, 
the closer the two rays are 
together in the* spectium, 
the higher will be the value 
of at which the first co- 
incidence takes place, and, 
as we can make use of 
very high orders of inter- 
ference in this apparatus, 
very closely situated rays 
can be separated. In other 
words, enormous resolving 


f 4.U . power can De applied m 

this way to the examination of radiations, and thus the structure 
o spectrum lines can readily be investigated. 
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Let us consider again the apparatus to be illuminated by 
two rays closely situated together, of wave-lengths A, and A. -f 
and let A, the difference of path, = 2e ; then the ^th fringe of the 
first ray corresponds to A = /X, and the fringe of the 
second ray corresponds to A = /(X + c). If p be very small, 
the two sets of fringes will not appear separated; but as p 
increases, the fringes will appear to double themselves and to 
give two sets of fringes, one belonging to one radiation and 
one to the other. The fringe from the ray having the greater 
wave-length will appear on the side corresponding to an 
increased length of path. In the case of the D rays of sodium 

we have ^ = 10 and we find the doubling to be quite plain 

when we reach the two-hundredth fringe, for then the distance 
between the components is one-fifth of the interval between 
two successive fringes. Generally speaking, therefore, at the 
/th fringe we can separate two rays, for which 

€ I 

Thus with an air layer 5 cm. thick (A = 10 cm.) and 
X = 5000 A.U., p = 200,000, and therefore rays can be 

separated for which ^ I that is, rays differing in wave- 

length by o'oos A.U. 

It is easy to calculate the difference in wave-length of two 
radiations which are examined in the above way. The relative 

value is best found, namely,^, which corresponds to the limit 

of resolution (Rayleigh).' In order to do this the apparatus 
is illuminated with the rcciuired rays, and the air layer slowly 
widened until the two sets of fringes arc seen clearly separated, 
and until the fringes belonging to one radiation are exactly 
situated in the centre between the fringes belonging to th(,i 
other radiation. This condition can at once be seen by tlu^ 
eye; we then have the pth fringe of the rays of wave-length 


* Sec p. 72. 
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^ -4- € exactly situated in the centre between the /th and the 
[p + i)th fringes of the rays of wave-length X. 

The pth fringe of the rays X then corresponds to the difference 
of path A, and the^th fringe of the rays k + € corresponds to 

the difference A 

2 


Then 

and 



£ X I 
X 2A 2^ 


If, therefore, we know A or / and A, we can calculate 

^t us inmgine now that the air layer be still further increased 
little by little ; the two systems of fringes will then get closer 
together until they coincide; this takes place when A is twice 
what it was before. If A be increased to three times its first 
value, there will again be observed the first condition, which 
may be ca,Iled the condition of complete disagreement. 

Now, It may easily be seen that,i if the beam of light fall 
upon the air layer at an angle of incidence t, and e be the 
thickness of the layer, 

A = 2 « cos i. 


A small correction has, in fact, to be added here, but, as it does 
not concern the present case, its consideration may be post- 
poned. If the beam of light be traly parallel and normal to 
. ® t en * — and A = 2 e. This method is convenient 
m casM when e is small, and therefore small errors in parallelism 
ave it e influence ; but when e becomes very large, a very 
s^l e^or in^ parallelism produces confusion in the fringes. 
Under these circumstances it is always preferable to work with 
^ ^ ^ convergent beam of flight, and observe the fringes 

the field there wiU be found a single value of i, and thus one 
sing e va ue 0 A, so that perfect clearness of fringes will be 

^ Chim, et Phys., 16 . 115 (1899). 
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obtained. As the angular field of the telescope is very small, 
and i thus small, we may put — 

=* 2^ — ; 

A therefore decreases with increasing values of z, and is there- 
fore a maximum in the centre of the field. The fringes are 
therefore to be seen as rings centred round the axis of the 
beam of light, and the elfect of increasing e is to cause the 
ring to expand. In observing these fringes, therefore, it may 
be remembered that in the system of fringes seen in the 
telescope field any one fringe corresponds to a smaller differ- 
ence of path than does the next fringe nearer the centre. If 
the fringe nearest the centre were the pth of a series, then the 
next fringe, counting from the centre, of that series would be 
the (p — i)th, and the next the (/ — 2)th, and so on. 

Diagrams of Fabry and Perot’s apparatus ^ are shown in Figs. 

1 19 and 120 in side and end elevation respectively. It is 
absolutely neces.sary in such an interferometer that the silvered 
glass surfaces be always kept absolutely parallel to one another ; 
very delicate adjustments must therefore be provided to correct 
for the errors in parallelism produced when the thickness of the 
air layer is altered. In the present apparatus there are the 
following adjustments : first, for altering the distance between 
the silvered surfaces there is a rapid adjustment, a fine adjust- 
ment which allows one to count the fringes, and finally a very 
delicate adjustment, which is limited to a few thousandths of a 
millimetre; secondly, the orientation adjustments are of two 
kinds, one a rapid and coarse adjustment, and the other a very 
fine and slow adjustment. The fine adjustments in each case 
are obtained by the pressure of a small rubber bag full of water 
against steel plates ; this method is capable of giving extra- 
ordinarily small movements. 

L and L' (Fig. 119) are the two supports for the silvered 
glass plates; each of the latter is 40 mm. in diameter. One 
face of each is perfectly jdane, this one being silvered, whil(‘ 

' A/m. C/iim. H Phys., 22 . 5(14 (1901). 

T. P. C. ,T 




Fig. 1 19. 
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the other is very nearly plane. The two faces of each disc are 
not parallel to one another, but enclose an angle of about i', 
so as to evade any possibility of interference being set up by 
the glass discs themselves. 

L, which is next to the observer, can be subjected to very 
rapid orientation movements and very small and delicate adjust- 



FKJ. 120. 

ments parallel to the path of the light. The first of these 
motions is obtained by rotation round two axes, O and O' 
(Fig, 1 20 ), which are vertical and horizontal respectively. The 
fine parallel adjustment is obtained by the deformation of a 
strong steel spring, P, the centre of which is fixed on one side 
to the axis 0, and on the other to the carrier L. This spring 
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is formed of two steel strips, 16 x 2 x 0*4 cm., which are 
joined together at the ends ; stopping pieces are placed between 
the strips at the ends E and E', to keep them a short distance 
apart. A small caoutchouc bag full of water is put between the 
centres of the strips; this bag is connected by a tube to a 
movable reservoir of water. An alteration of i cm, in the 
height of this reservoir produces a displacement of the disc of 
0-15 /i. 

The carrier L' can be subjected to small orientation dis- 
placements and large movements parallel to the path of the 
light. U is fixed at the end of the steel pillar T, on which is 
screwed a cube of bronze ; two rubber bags, one underneath 
and the other at the side, serve to give very small horizontal 
and vertical displacements to U. A change of i cm. in the 
height of the attendant water reservoirs produces an angular 
displacement of o' 25". The parallel movement is obtained as 
follows : the bracket carrying II is fixed to /, which is a bronze 
block, working extremely smoothly and truly upon V-shaped 
slides. 

The block/ sits between two smaller blocks, and as 
these two blocks move one way or the other, they push the 
block / by means of the pointed thrust pieces V, V'. In this 
method of moving / it can be seen that / is entirely free upon 
its slides, and rests thereon by its own weight, the only force 
applied to it being truly parallel to its movements. There 
is thus no chance of any rocking motion, such as would 
certainly be produced were / moved directly by the micrometer 
screw. Fabry and Perot found it possible in this way to follow 
the fringes while moving /, which would otherwise have been 
impossible. The two blocks q and are both rigidly fastened 
to the micrometer screw, which can be seen projecting from 
the apparatus at ; this screw is moved backwards or forwards 
by the rotation of the nuts a ox a having a tangent-screw 
arrangement for slow motion. 

In order to gain some idea of the distance between the 
silvered surfaces at any time, a micrometer scale is fitted to the 
instrument, upon which the position of / can be read at any 
instant by means of a microscope with a micrometer eyepiece. 
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This scale is graduated in ^th mm., and the zero is determined 
upon it by direct observation, such as the first complete dis- 
agreement of the two mercury yellow rays. The instrument is 
shown in its complete form in Fig. 121. 

One of the first applications of this interferometer was to 
the s^dy of the structure of certain spectrum lines by the 
examination of the fringes they produce. It is necessary for 
this purpose that the apparatus be only illuminated with the 
rays it is required to examine ; if these rays form part of a very 
simple spectrum it may be sufficient to cut off the other rays 
by means of absorbing solutions, but the best method is to 



Fui. 121. 


analyse the light by passage through one or two carbon 
bisulphide prisms, and to focus the required rays upon a slit by 
means of a lens. A second lens receives the rays coming 
through the slit, and directs them as a converging beam ujjon 
the silvered surfaces. At first the air layer is made as small as 
possible, and then it is slowly widened until the fringes double 
themselves, and the first condition of disagreement is reached. 
As was pointed out before, the nearer a fringe ring is to the 
axis of the beam of light, u\ the smaller the radius of a fringe', 
the greater the corresponding difference of path. 

The following rays were examined, the various substanct's 
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being excited in tubes similar to those used by Michelson and 
by Hamy : ^—Thallium ; X = 5351 A.U. 

Ihis ray doubles itself very easily, the first effect showing 
itself when the thickness of the layer (=: e) is equal to i *5 mm. 1 
a weaker ring is then to be seen just inside each bright ring, 
showing that the weaker component has the larger wave-length. 
Ihe condition of complete disagreement is obtained when- 

^ = 6*35 

From these numbers the number of the order 
is found to be nearly 23,800, whence ^ 21 x 10 

A 

On still further increasing ^ it is found that the principal com- 
ponent itself is double, being composed of a brighter and weaker 
component, the weaker component having the greater wave- 
length; for this pair ^ was found to be 3 x io-«. It follows 

that the green thallium radiation is triple, being composed of one 
bright and two weaker components. The last two are apparently 
of the same intensity, and are both on the red side of the principal 

component, the values of ^ being respectively 3 x io“® and 
21 X io*« 

The cadmium radiations were examined, and it was found 
that the red ray is quite simple, as was shown originally by 
Michelson. 

The results obtained by Fabry and Perot *'* differ to a certain 
extent from those obtained by Michelson by his method of 
plotting the visibility curves. The reason of this lies in the 
fact that in the case of a given visibility curve, especially if 
complex, many hypotheses may be chosen which give on 
calculation a curve of similar form to that observed. For 
example, one cannot be certain in the case of a double source 
of ^0 lines of unequal brightness as to how these are situated 
with regard to one another. It is important to nqtice that, if 
e values obtained from the above measurements be substituted 
in Michelson’s expression for visibility, the visibility 

' «eep. 373. 2 Seep. 429. 


curves 



INTERFERENCE METHODS IN SPECTROSCOPY 29S 

obtained agree with those actually observed by him ; these 
results are, therefore, really in perfect accord with those of 
Michelson. 

The next application by Fabry and Perot of their interfero- 
meter was in the direction of the comparison of wave-lengths 
among themselves and the measurement of length in terms of 

A 

wave-lengths.^ According to the equation / = ^ » as has 

already been said, when / is a whole number a bright fringe 
is produced, of which / is the number of the order ; when p is 
not a whole number, the fractional part represents the difference 
of phase between the two first interfering waves, and therefore 
p should be defined as the order of interference corresponding 
to a difference of path A. Let us imagine that the incident 
light consists of two vibrations, red and green, of wave-lengths 
X and V (X > X'). The two systems of fringes then seen can 
easily be distinguished by their difference of colour. When we 
pass from one red fringe to the next, the difference of path 
increases by X, and similarly from one green fringe to the 

next, by X'; as X' is smaller than X, the green fringes are 

closer together than the red. It is possible then to find 

a region where two green fringes are placed between two 

red fringes \ this is an approximate coincidence of the two 
systems. 

In Fig. 122 A and A' are two consecutive red fringes, B 
and B' two consecutive green fringes. ^ ^ 

Let K and K -h i be the order num- 
bers of A and A', and K' and K' -|- i 
the orders of B and B', and let 
K' — K = m. 

Now, at each point in the field of 
view there is a definite value of A, and 
therefore a definite value of the order of Fm- 122. 

A A 

interference,/ = ^ for the red, and / = ^ for the green rays. 

Along the curve B,/ is a whole number and e<iual to K', 


\ K'+1 K+l 


6V/////. ct Phys.^ 16 . 289 (1899). 
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while/, which is equal to K along A, is a little larger than K ; 
along B, therefore, we have — 

y — / < 7JI, 

Similar reasoning shows that along B'— 

/ — / > m. 

It follows that/' — p increases with A, and that there must 
be a particular value, Ao, for which— 

/' — / = uu 

Ihis value of the difference of path, called by Fabry and 
Perot the difference of path at coincidence, occurs when the 
difference/' — / between the orders of interference is a whole 
number, m. It corresponds to an ideal line in the field of view, 
and is defined by the equation — 



It follows that An = 

The phenomenon is thus periodic, for the differences of 
path at coincidence are multiples of a length which may be 
called the period— 

AA' 

X- A'* 

One can express this period in terms of the wave-length of any 
way, eg, in terms of A — 


(I) 


A' 

A "“A - A" 


and similarly in terms of A' 


Evidently u = 0, + i, because at the first coincidence n 
waves of length X are equal to « + i waves of length X'. 

The wth coincidence takes place when A = »;P, and the 
order of interference of waves X is oto), and of waves X', mai, 
which = >«a) + m. 
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If ;//a> happens to be a whole number K, then the coin- 
cidence will be exact, and the appearance will be as in 
Fig. 123. 

Generally, we put ///w ~ K -)- K being a whole number 
and B lying between o and i. When 
is = o or r, then the coincidence is 
exact, as in Fig. 123 ; and when 6 has 
some intermediate value, the coincidence 
is inexact, as in Fig. 122. If a and 
d are the distances AB, B'A' in Fig. 

122 (strictly speaking the differences in 
path denoted by the distances AB and 
B'A'), then— 

^ F 

(T + a 

It is possible when X and X' are not too close to measure 
6 from the observations on a coincidence. 

Clearly from the above P is inversely proportional to the 
difference between X and X' ; if P corresponds to four or five 
fringes one can observe the coincidenc:es with accuracy. When 
P is about fifteen fringes, observations of 6 are more difficult ; 
but when P is very large, as with the D rays of sodium, it is 
better to observe the regions of complete disagreement of the 
fringes, for in this case the observations are impossible on the 
coincidences, as the fringes belonging to the two systems are so 
alike in colour and are so confused with one another. The 
condition of complete disagreeinent is, however, easily estimated, 
and then; of course, we have - 

A = (;// + {;) P. 

In all interference measurements the .standards of reference 
are the red, green, and blue radiations of cadmium, determined 
by Michelson to have the following wave-lengtlis — 

Xii = 6438*4722 A.U 
y<j = 5085*8240 „ 

= 4799*9107 „ 



Fi<;. 123. 


(principal (component) 
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The blue ray is not sufficiently simple in structure to 
use with anything but small differences of path. ■ 

The following method was adopted to measure wave- 
lengths of the two yellow rays and the’green ray of mercury in 
reference to these standards 

The rays from both the sources are simultaneously thrown 
into the apparatus, and it is absolutely indispensable that the 
two, .beams of light should be exactly superposed. The method 
used is shown in Fig. 124, where T and T' are the two sources, 
and A a half-silvered mirror. E and E' are two movable 
screens, used when only one source is required. Absorbents 
may also be used to cut off the rays from either source. The 



V 

T' 

Fig. 124. 


placed at I ; the rest of the apparatus explains 

It is necessary in makmg these measurements that the 
wave-lengths of the rays to be dealt with be approximately 
known; these may, of course, be readily found with a grating, 
and the values used in this investigation were 

= S79o’49 = Yi 
= 5769'45 = Ya 
= 5460-97 = G,„ 

All the measurements made were referred to the green ray of 
cadmium (called G). 

From the above values of the wave-lengths of the mercury 
rays, one approximate value of the period of coincidence in 
terms of the ray G was calculated for the two yellow rays 
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of mercury (Yj and Ya), This is given by the expression 

Similarly, the period of the rays G,„ and cadmium red (R) 
were found in terms of the ray G to be 14*5569 and 4759901 
respectively. 

It is convenient to have the scale of the interferometer 
calibrated in terms of the coincidences of two rays. The two 
yellow rays of mercury are very suitable for this purpose ; the 
apparatus is illuminated by these rays alone, and the two silver 
surfaces are brought as near together as possible. They are 
then slowly widened until the first coincidence is observed \ 
the reading on the scale is taken, and the plates again separated 
until the second coincidence is seen, when the scale is again 
read, and so on. In this way a calibration of the scale is 
obtained from which at any time when a coincidence is 
observed the number of it can at once be obtained. 

The first series of observations was made as follows : — 

1. The silvered plates were so set as to observe, near the 
centre of the field, a complete disagreement between the fringes 
of the rays Yi and Ya, and on reference to the scale and the 
table it was found that this disagreement occurred between the 
sixth and seventh coincidences. 

2. The mercury rays were then removed and the cadmium 
rays R and G thrown in without altering the interferometer in 
any way ; it was found that an exact coincidence occurred in 
the same part of the field as did the complete disagreement 
in the first observation ; that is to say, the nib. red fringe 
exactly coincided with the /th green fringe. 

3. On comparing the rays G and G,^ it was found that the 
(p — 5)th fringe of the former was in complete disagreement 
with two fringes of the ray G„*. 

4. On comparing the rays R, Y„ and Ya it was found that 
the (« — 2)th fringe of the first was in complete disagreement 
with two fringes, one due to Yj and the other due to Y.j, the 
fringe due to Ya being on the inside. The (;/ — 2)th fringe of 
G therefore exactly coincided with a hypothetical ray of mean 
wave-length between Y| and V-. 
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5 - The (« + 2)th red fringe was in complete disagreement 
With a blue and a green cadmium fringe. 

Now, from the approximate wave-lengths of Yj and above 
givra, It foUows that the sixth disagreement takes place at the 
2028& green cadmium fringe. The period is equal to 312, 
^d therefore the disagreement dealt with occurred at the 

X ® '■j'" ^ fringe. Therefore p is about 2028, and » 


about 2028 K r = 1602, 

Ah 

In the following table are given the numbers of the red 
atoum fringes which coincide with green cadmium frmges, 
a so t e disagreements between green and blue fringes of 
^dnum expressed in terms of the red ray of cadmium, both 
calculated from Michelson’s measurements : — 


Coincidences, 
red and green cadmium. 

1597-8 

i6oi‘5 

1605-3 

1609*0 

i6i2*8 

i6i6*5 


Disagreements, 
green and blue cadmium. 

1584-7 

1598*0 

i6h*2 

1624*5 

1637-7 


Now, It was stated that the «th red and pth green were in 
exact commdence ; therefore « must be a whole number, about 
1602 EvKiendy 1609 is the only, possible value j further, from 
kIL (« + a)th red fringe is situated at . a disagreement 

cadmium fringe, and this is shown 

^°32nd fringe of G was in complete 

tablfril^^A following 

. f the my G in such dis- 

agreement, calculated from the period given above (14-5569) 

Number of disagreement. 

2015-5 138 

2030*0 139 

2044-5 140 
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The 139th disagreement was evidently observed, and as the 
calculation gives the 2030th fringe, while the observation gives 
the 2032nd, it follows that the period obtained above from the 
wave-lengths is wrong, A better value is — 


0 ) 


— = X4-5663. 
X 39 'S 


Again, from (4) the 1607th red cadmium fringe is in exact 
coincidence with the mean of the two mercury yellow rays. 
The calculation from the period obtained from the above wave- 
lengths shows that tlie 183rd coincidence takes place at the 
fringe 1605*8 ; evidently here also the period must be slightly 
corrected. 

From these first series of measurements we thus obtain more 
accurate values of the period of coincidence of the rays whose 
wave-lengths are to be determined, and from these the tables 
of coincidences may be more accurately calculated. It becomes 
possible then to work with thicker interference layers, when still 
more accurate measurements may be made. From these new 
values the periods are again obtained with still greater accuracy, 
and so on. Fabry and Perot reached layers in these measure- 
ments of 32 mm., which correspond to the 125,000th fringe of 
the green cadmium ray. 

The final values obtained were — 


A = 54607424 
A = 5790*6593 

^ = 5769*5924 

The probable error in the green ray IS given by ^ = ± 10 

or about I the case of the yellow rays it is some- 

what greater. 

This beautiful apparatus leaves very little to l)i‘ desired as 
an interference apparatus for examination of the structure of 
radiations and the detennination of absolute wave-lengtli. It 
has further a great advantage over an ordinary apparatus in 
that absorption lines such as the- Fraunhofer lines <‘an hi^ 
examined. The measurement of wave-lengtli, it is true, is a 
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very tedious process, and recently Fabry and Perot, > profiting 
y eir expenence with their interferometer, have adopted 
xed air layers as mterference apparatus, the widths of which 

apparatus 

standards (ka/o/is), and have made use of three, which are 

I thickness respectively. With 

ese ey ave measured the wave-lengths of certain rays in the 
emission spectrum of the iron arc, and also in the solar spectrum. 



These stodards consist ot two half-silvered glass plates, as 
e ore, w ich are kept apart by polished steel supports. The 
plates are kept pressed against the supports by binding screws, 
^wlwch they are very carefully adjusted and made 
parcel. The appatatus is shown in Fig. 125. 

^ follows : The order of interference at the 
centre of a system of rings is determined successively for the 

’ -Ann. Chim. a Phys., 26. 98 (1902). 
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two radiations to be compared ; this can be done first for one 
and then for the other, because the thickness of the interfering 
layer will not change during a measurement. Let one of these, 
with wave-length X., be as usual the green ray of cadmium, and 
let P be the number of the order of one of the fringe rings 
obtained with it, and let this be the first ring, counting from 
the centre. The order of interference at the centre will be 
/ = P -1- a; P is readily found from the knowledge of the thick- 
ness of the air layer, supposed previously determined. It only 
remains to determine the fraction a, which lies usually between 
0 and I. 

The diameter of the fringe is evidently proportional to a, and 
it is therefore possible to determine a from a measurement of 
the diameter of the ring P. 

As shown previously, the order of interference at the centre 
is — 

2C 

j) zs ^ , if is the thickness of the air layer. 

In a direction making an angle / with the normal it is 
^ cos /, or / cos /. If A’ is the angular diameter of the ring 
P, then, the telescope being focussed for parallel rays, 


/ cos - 
^ 2 

and as x is very small, / 


IN 



thence 


a = / - P 



Similarly, with a radiation of wave-length V we have 

Now, since the thi<;kness of the layer is constant — 
X(P + a) = X'(P' + 


X' = X 




therefore 
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have^^ substitution of the values for a and a' above found we 

-?-?)■ 

From this ^ can be determined by observation. 

steniVi!?? necessary to determine the thickness of the 

CS meSo/ investigations. This is done 

a beam nf r interfering layers; that is to say, 

saStoL^^ "" series, the most 

satisfactory ai^gement being that shown in Fig. 126.’ 

same if the two thicknesses be the 

J ® give a white fringe along the 

whTn theTr*^”® thicknesses. This also ocam 

when the thicknesses of the layers are in simple proportion. 




Fig, 126. 

thitin^rVi*^''® determine accurately the 

Slftbe ® f If*® ^ standard, by comparison 

stanrt? ^ graduated standard. The graduated 

to one mother. There is a scale ruled on one of the inner 
glass surfaces, and the thickness of the layer is known fr^m 
previp measurements at any point on the scale. For the 
theoriginal memoir must be consulted. 

™ '^* »f 11 a., .amdarf, 

us^ are known in terms of the standard ray (cadmium green 
prmapal component). ^ ^^‘niuni green, 

y by alteration of temperature, and therefore in practice 

‘ ^»a. Chim. et Phys., 18 . 459 (1897), 
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only a small area of the layer is used, and the cadmium green 
fringes are observed and measured immediately before and 
after a measurement of the new ray.^ Since the thicknesses 
are known, the number of the order of the first ring can always 
be found at once \ in the case pf the cadmium green from the 
standardisation, and in the case of a new ray from its approxi- 
mate wave-length, supposed already known. 

The measurement of the diameter of the ring is carried out 
by means of a micrometer eyepiece in the telescope, the readings 
of this instrument having been already calibrated in some 
convenient way. 

A small correction has to be introduced in the measure- 
ments due to the change of phase at reflection. In the 
expression— 



in which p is the order of interference at the centre, it must 
be remembered, is the optical thickness of the air layer ; it 
is not necessarily the distance between the two silver surfaces. 
Hitherto we have reasoned as if c did not vary with X, but in 
actual practice this is not strictly true, on account of the fact 
that the change of phase at reflection varies very slightly with 
the wave-length. In other words, e varies slightly with X, so 
that if e be determined for a standard ray, X, it must not be 
assumed that e is the same for another ray, X', if X — V is large. 
Let us consider two rays, Xand X', therefore, for which tlie optical 
thicknesses of the air layer are and arc slightly 

different ; then, if p and / be the orders of interference — 

2(\ ~ /X and 2i\' = /'X', 
whence X' = X. 

Hitherto we have assumed X\, = ^ .X, 

P 

^ The actiinl expansion of a lo luin. slaudarcl is about o'oooi nmi., u\ 
about four fringes for lo®. 

T. P. C. 


X 



3o6 


SPECTROSCOPY 


To the ordinarily found value X'o we must, therefore, add a 
small correction — 


y=V- 





Ihis correction is readily found by observations upon two 
rays whose wave-lengths are absolutely known. The two 
si vered plates are dismantled from the standard, and mounted 
upon the interferometer, and brought almost into contact. The 
apparatus is then illuminated by the two rays, for example, the 
red and green of cadmium, which we may denote by X and X\ 
e two plates are then slowly separated until an exact coin- 
ci ence is found j if this be the fth coincidence, then the /th 
nnge of the ray \ is in exact coincidence with the (p -f ?)th 

frmge of V, and thus— 


and ^)X', 

therefore + g)X' 

2 2 

p{\ - X!) 


Xj-X' 

2 




X- V 




where 


^ X' 


It will be seen that ^ is the period of coincidence in 

results obtained with one 

of the standards by Fabry and Perot 

(a) Two cadmium rays, X = 6438 and X' = 5085. 

P = 0-065, 

= — 4’4/x,/i.. 


therefore 
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(b) Cadmium red and mercury green rays, A. = 6438 and 
X' = S461. 

/) = 0*042, 

therefore t\ — — 2*i/x./x,. 

(c) Mercury green and blue rays, X = 5461 and X' = 4358. 

/)= 0 * 12 , 

therefore ^ = +6*6 /i./a. 

These are then all reduced to the standard of the cadmium 
green, and the values of the correction 7 obtained from 



equation (x). These values are then put upon a curve \ they 
vary from — 0*003 A,U. at X = 6500 to +0*002 A.U. at 
X = 4500, 

By means of three standards Fabry and Perot have 
measured the wave-lengths of fourteen lines in the arc spectrum 
of iron, and thirty-three in the solar spectrum. In both series 
of measurements the apparatus was so arranged that either the 
cadmium green ray or the required ray in the iron or solar 
spectrum could be thrown upon the interference standard ; in 
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the case of the iron spectrum, the arrangement used is shown 
in Fig. 127. 

S was the iron arc, an image of which was focussed in the 
slit F by the lens L ; the rays coming through the slit passed 
through the totally reflecting prism P, and thence through the lens 
L on to the plane grating R ; the diffracted rays passed back, 
and were focussed by the lens on to the slit F^. By rotating 
the grating R any required line could be brought on to the 
slit F', The rays coming through F' passed straight on through 
the half-silvered, parallel plate M, and were directed as a 
converging beam on to the interference standard E by the lens 
L . The prism P could, if desired, be raised and brought into 
the path of the rays in order to examine the spectrum at the 
telescope A. The cadmium tube was at C, and the rays there- 
from were reflected at M, and thence passed into the apparatus. 
Screens were employed to cut off either one or the other beams 
of light ^ was a fixed screen pierced with a small hole of 
3 mm. diameter, to localise the region of the standard E which 
was employed. The apparatus used for the solar spectrum 
was ^ somewhat similar, with this difference, that a concave 
gra^g was employed in place of the , plane one. In the case 
of iron, only a few lines could be measured with a very great 
degree of accuracy, because they are not, as a rule, of sufficient 
fineness. 

For a description of the actual experimental details, the 
original memoir must be consulted. 

The following are the complete list of wave-lengths ^ 
determined by Fabry and Perot, both with the interferometer 
and with the interference standards as last described : — 


‘ Compies rmdm, 180. 492 (1900), and Ann. Chim. 
(1902). 


et Phys, 25. 98 
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Klement. 

Mercury 

Wave-length in tenth 
metres. 

5790-6593 

5769-5984 

5460-7424 

4358-343 

6362-345 

4810-535 

4722’ 164 
4680*138 

Source. 

Arc in vacuo 

}} 9f 

>J »» 

»l 1) 

Zinc 

“Vibrator ” in vacuo ' 

»» 

99 9 » 

Copper 

5782-159 

“ Vibrator ” in vacuo 


5782*090 

»» »» 


5218*202 

»> a 


5153*251 

»> ■»» 


5*05-543 

n )> 

Silver 

5465-489 

“ Vibrator” in vacuo 


5209*081 

99 99 

Sodium 

5895-932 

Flame spectrum 


5889-965 

99 99 

Lithium 

6707-846 

Flame spectmm 

Iron 

6494-992 

Arc 


6230-733 



6065-489 

»» 


5763-3*3 

»» 


5615-657 

9t 


5586-775 

»» 


5506-783 



5434-5*5 



5302-321 

» 1 


5*3*-954 

99 


5083-345 

99 


5001-887 

99 


4859-763 

9* 


4736-785 



For a description of this apparatus, see p. 37a. 
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The wave-lengths of the following lines were also deter- 
mined in the solar spectrum : — 


Fabry and Perot. 


Rowland. 


Ar 

\ 


6471*666 

6408*027 

6322*700 

6230*746 

6151-639 

6065*506 

6016*650 

5987-081 

5934-666 

5862-368 

5763-004 

S7«S-09S 

5586-778 

5506-794 

5497-536 

S434-S44 

5409*800 

5367-485 

5345-820 

5339-956 

5247-507 

5247-063 

5171-622 

5123-739 

5090-787 

5001-881 

4923-943 

4859-758 

4783-449 

4736-800 

4704-960 

4643-483 


6471-885 

6408-233 

6322-907 

6230-943 

6151-834 

6065-709 

6016-861 

5987-290 


5934-881 

5862-582 

5763-218 

5715-308 

5586-991 

5507-000 

5497-73S 

5434-740 

5410-000 

5367-669 


5345-991 

5340- 121 

5247-737 

5247-229 

5171:778 

5123-899 

5090-954 

5002-044 

4924-107 

4859-928 

4783-613 

4736-963 

4705-131 

4643-645 


1-0000338 

1-0000321 

1-0000327 

1*0000316 

1*0000317 

1*0000335 

1*0000351 

1*0000349 

1*0000362 

1*0000365 

1*0000371 

1*0000373 

1*0000381 

1*0000374 

1*0000302 

1*0000361 

1*0000370 

1*0000343 

1*0000320 

1*0000309 

1*0000286 

1*0000316 

1*0000302 

1*0000312 

1*0000328 

1*0000326 

1*0000333 

1*0000350 

1*0000340 

1*0000344 

1*0000363 

1*0000349 


The last column in the table of solar wave-lengths expresses 
the ratio of Rowland’s measurements to those given, and in 
Fig. 128 these ratios are plotted against the wave-lengths, the 
ratios bang takai as the ordinates, and the wave-lengths as 
the abscissae. 

The curve should be, of course, a horizontal straight line, 
but as the difierences from a mean straight horizontal line are 
enormously greater than the errors of experiment, this curve 
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points to there being a periodic error in Rowland’s deter- 
minations. 

I have given this full account of Fabry and Perot’s work 
because it is the first determination of wave-lengths made by 
interference methods, and based upon Michelson’s standards, 
and further, because there can be little doubt but that the 
above wave-lengths will eventually be adopted as the standard 
of reference in place of those of Rowland. The discrepancy 
between the grating and interference measurements has given 
rise to considerable discussion, because it had always been 
thought that even if the determination of the Di line were in 
error it would only be necessary to multiply Rowland’s 



measurements by a constant factor in order to make them 
absolutely accurate. The curve of ratios, however, shown in 
Fig. 128 proves that this is not the case, but that there must 
be a periodic error in Rowland’s measurements which is not 
a simple function of the wave-length. If Fabry and Perot’s 
measurements are truly ac'curate, as there seems absolutely no 
reason to doubt, it is evident that some fundamental source 
of error must underlie the method Rowland used. A very 
striking paper by Kayser^ has just appeared, in which he 
shows that the accuracy of the coincidences between different 
orders with gratings is not to be depended upon. Kayser 
remarks that from an extensive use of Rowland’s tables he 
* Astrophys. Journ.^ 19 . 157 ( 1904 ). 
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has found that the system is less correct than is generally 
supposed, and that he had attempted to amend it in his 
measurements of the spectrum of iron;^ the iron standards 
ve, however, the same general features as Rowland’s 
standards. It is urgent, therefore, to get better standards, as 
most of the measurements made up to this time will prove 
useless as far as the wave-length is concerned. There are two 
reasom for the bad results : first, Rowland did not know of 
me diflference between the position of arc and solar lines. 
Even t^ing the solar D lines for the arc spectra was doubtful. 
According to Jewell,* as Rowland was not convinced that the 
displacement was due to any other cause than the accidental 
movement of the apparatus, when changing from the spectrum 
of the sun to that of the arc, the displacement was treated as 
being due to this cause, and the wave-lengths of all metallic 
^mes corrected for the average displacement of the stronger 
‘ impunty Imes” (generally iron) upon the plate, thus reducing 
them to an approximate agreement with the corresponding 
sokr lines. Kayser points out that Rowland thus shifted 
mfferent parts of the spectrum to smaller or greater wave- 
lengths, and as from such parts by the method of coincidences 
other i^s have been determined, perhaps vrith another shift- 
ing, It is impossible to know to what extent the errors may 
have accumulated in different parts. If this were the only 
enor, it would be possible to avoid it by applying the method 
of comadences, using only the arc lines as determined by 
Fabry and Perot. 


There may, however, be another cause for the inaccuracy 
of Rowland’s measurements. As it is impossible to get 
absolute measurements with the grating, the method of co- 
incidences may also have led to errors. Indeed, Michelson 
has lately shown that an error in the ruling of grating.s is 
possible, which falsifies the results of this method, and there 
may be oth^ causes not yet found with the same effect. 
:^yser, therefore, carried out some tests of the method with 
the help ^of two of Rowland’s largest gratings, which were 
ruled on different engmes. With the first grating plates were 

Dmde s 8. 195 (1900). * Astrophys. Jmtm., S. 89 (1896). 
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taken containing Fabry and Perot^s lines at X. = 5302, and 
X = 5434 ill the second order, coinciding with X = 3550 and 
X = 3630 in the third order. The wave-lengths of the third 
order lines were determined from Fabry and Perot’s values. 
Then other plates were taken of these lines in the fourth order, 
together with Fabry and Perofslines at X = 4736 and X = 4859 
in the third order. The wave-lengths of the last two lines 
were thus determined direct, with one intermediate stage, from 
’'’Fabry and Perot’s lines at X = 5302 and X = 5434. The 
wave-lengths as determined by the grating, however, did not 
agree with the vijilue found by the interference comparison j 
for example, Kayser found the wave-length X = 4736*804, 
instead of Fabry and Perot’s number, X = 4736*785. As the 
individual grating measurements agreed to 0*003 A.U., it is 
clear that either the coincidence method is unsound, or that 
Fnbry and Perot’s values are wrong. With the second grating, 
proceeding in exactly the same way, a discrepancy of 0*108 
A.U- was obtained between the grating coincidence and the 
interference value. The two gratings were then compared 
directly together. With each grating two plates of the region 
X =s 5302 to X = 5434 in the second order were taken, and 
the third order lines were measured. While the two plates 
taken with each grating agreed to within 0*003 A.U., there 
was a constant difference of 0*03 A.U. between the values 
found with the two gratings. Kayser, therefore, concludes 
that we have no reason to doubt Fabry and Perot’s values, 
but that the method of coincidences is not applicable for his 
gratings. Perhaps there may exist gratings free from this 
lault, l)ut every one must be carefully tested before using. It 
is necessary, therefore, to determine more lines by the inter- 
ference method, especially in the ultra-violet, so that we have 
a spectrum of lines between which we may interpolate without 
using the coincidence method. 

Recently Lummer has described an interference apparatus, 
which is especially suited to the examination of the structure 
of the finest spectrum lines.^ This instrument can be best 
understood from a diagram, which is given in Fig. 129. 

» IWi. d. Dmtsch. Phys, Ges,, III . 7 . 85 ( 1901 ), and Berl Ber,, 2 . 
II ( 1902 ). 
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whdV ^ »o C“- long, of 

"® “^‘^® P^“® as possible, 

^d parallel to one another. C is a prism cemented to the 

^te, a beam of parallel light falls upon C, as is shown. 
anH ander^es a series of reflections inside the glass plate 
and at each reflection some of the light is refract^ into the 



Fig. 129. 


air, and the two pencils a and h are formed, one by the rays 

mg from the lower side of the plate. These two pencils enter 

focus o?toe ob^ t* ”‘erference rings are observed at the 
thr^nn I i Gehrcke have employed 

merS”^^ u® lines of the spectSim of 

ChaptS m “4^7. “^^^t'getion are given at length in 

scribed’Tv^p*^ f interferometer has also just been de- 
scribed by Barnes this is a reflecting instrument, and is 



Fig. 130. 


pie<^^rfass-1hV of two perfectly plane parallel 

pieces ot glass; the under surface of the upper plate is heavilv 

cStdy siW^ 

P 7 vered on its upper side, so that its reflecting 

* Astrophys.Jmni., 19 . 190(1904). 
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power is about o'9* The light is incident upon the upper 
platOi as is shown, and, due to multiple reflections between the 
silver plates, we have transmitted a number of rays whose path 
differences are in arithmetical progression. The rays ^^gfaping 
through the lower plate are focussed by a lens, and the inter' 
ference fringes are examined in the focal plane. The two 
plates are mounted upon an interferometer similar to that 
described for Michelson’s apparatus (see Fig. 112, p. 270). 
Barnes claims that with this apparatus the bright interference 
bands are much stronger than those obtained with the Fabry 
and- Perot method, and hence the weaker components are more 
readily seen. 



CHAPTER X 


THE EFFICIENCY OF THE SPECTROSCOPE 

The Practical Resolving Power of Spectroscopes. — In all 
discussions concerning spectroscopes, their design, power, 
and performance, we have to deal with the following four 
quantities : — 

I. The dispersion. This has been before described in 
Chapter III. A small change in the deviation of a ray is pro- 
duced by a small change in the wave-length, and the ratio of 
the tvfc changes is called the dispersion. 

Thus where 6 = the angle of deviation. 


It must not be forgotten that this is an angular term. 

2 . The resolving power. The theoretical resolving power 
of an instrument, as given originally by Lord Rayleigh, is the 
ratio of the mean wave-length to the difference in wave-length 
of two lines which can just be separated by the spectroscope. 
This is usually denoted by the letter r, and it must be noted 
that this refers to an infinitely narrow slit and to lines which 
are perfectly homogeneous. We have then — 

X 


where X is the mean wave-length of the pair. 

As before shown in Chapter III., we know that for prisms 


- //A 


where / is the thickness of the prism base and ^ the effective 



the efficiency of the spectroscope 317 

dS 

siperture. The fact that r = — ^ — that is to say, that the 

resolving power of a spectroscope is equal to the product of the 
effective aperture and the dispersion — is true for all dispersing 
apparatus. In the case of gratings, also, r = mn^ where m is the 
order and 71 the number of rulings (Chapter VL). 

3. The purity of the spectrum. This was first considered 
by Schuster, and refers to the smallest relative wave-length 
difference which can be resolved ; this takes into consideration 
the width of the slit. Schuster’s original expression for the 
purity was — 

where s is the width of the slit, and is the angular width of the 
collimator seen from the slit. 

4. The intensity or brightness of the spectrum. This 
quantity, usually denoted by i, depends upon the following 
factors. The dispersion, the width of the slit, the width of the 
lines, the brightness of the light examined, and the aperture ; 
also the loss by reflection and absorption in the case of prisms, 
and the nature of the ruling in the case of gratings. 

The whole question of the performance of spectroscopes 
has been considered by Wadsworth,^ who pointed out that the 
resolving power is in general less than the theoretical value ; 
first, because the slit is not infinitely narrow, and, second, 
because of the dispersion of the spectroscopic train, which for 
non-monochromatic radiations produces the same effect as a 
widening of the slit. He distinguishes between four cases. 

1. Theoretical resolving power with infinitely narrow slit 
and monochromatic, ue, infinitely narrow, lines ; this is called r. 

2. The resolving power (also theoretical) for a wide slit and 
monochromatic radiations. This is /, the purity of the spectrum. 

3. The resolving power (limiting) for an infinitely narrow 
slit, but for lines of a finite width, AX. This is called R. 

4. The resolving power (practical) for a wide slit and lines 
of small width, AX. I'his quantity, which is the practical re- 
solving power or purity, may be called P. 

' P/tiL Mag,, 48 . 317 ( 1897 ). 
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In the first case, according to Rayleigh ^ — 

= a = = the theoretical angular resolving power of 

any instrument having an aperture ^ ; a is the angle between 
two fine lines or points which can just be separated, and m is 
a constant which has a value of i for rectangular apertures, 
and I *2 for circular apertures. 

Thus we have r = , which is perfectly general. 

In the second case Schuster’s formula is — 

^ . 

^ sifr 

this being based on the assumption, that in order to resolve two 
wide lines the angular distance between the two inner edges of 
the lines must be equal the resolving power. 

This expression, however, both theory and experiment show 
to be incorrect, the resolving power being greater than that 
given by the formula, Wadsworth deduces another formula, 
which gives the angular dispersion between two lines of width 
s which can just be resolved at the focus of a telescope 

An interesting fact follows from this result, namely, that 
Ae aperture required to separate two lines is less when the 
lines have a small finite width than when they are infinitely 
narrow, for the expression for 3 becomes a maximum when 

^ " 2(1 + Va) " 

Thus, for a line of angular width lA, then, omitting the 
constant m — ** 

^ ~ ® 91'^ = o-Qia; 


j ®*-434; also see Chapter HI. p, 72. 

adjacent spectrum lines but to two- 

a jacent tecUhnear apertures, as, for example, two closely situated slits. 
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that is to say, a telescope of given aperture has 10 per cent, 
^eater resolving power for lines of angular width than for 
infinitely narrow lines. • 

To find the width of line tor which the resolving power of 
the instrument is the same as the theoretical resolving power, 
then, of course — 


whence ^1/^ = 0, or 

that is to say, it is just as easy to resolve a double line when 


the width of the components is equal to half the angular resolu- 
tion of the telescope as when it is equal to zero. 

In the case of the spectroscope, when we consider the width 
of the slit as the width of the line, we have — 



This differs from Schuster's expression in the introduction 
of the factor the second term^of the denominator. 

It follows, therefore, that the purity of the spectrum increases 
as the slit width increases from being infinitely small up to the 
point that s\ff = and that it is still equal to the theoretical 
resolving power of the instrument when = AX. These slit 
widths are, however, generally too small to enable us to profit 
by this fact. 

Third case. In this case the slit is taken as being infinitely 
narrow, and the radiation examined as not monochromatic, but 
consisting of waves whose lengths range over an interval from 
X to X -f AX ; the dispersion of the spectroscopic train will, in 
this case, spread out the image of the infinitely narrow slit to a 
band, in which the distribution of intensity is the same as in 
the radiation itself. Assuming the law of distribution of intensity 
following on Maxwell’s kinetic theory, viz. ^(:r) = (see 
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?• 274)* Wadsworth develops an expression for the angular 
resolution which is necessary to separate two lines of width AX, 
namely— 


hence 


" dk =L ^ A. — ^y 


This is very similar to the formula deduced for p above. 

This expression for R, or the limiting resolving power, is 
more generally useful in determining the greatest resolving 
power of a spectroscope under practical conditions than the 
value for r itself, since all spectrum lines must have a definite 
width. When rAX in the above is very small, then R will 
exceed r, but for very large values of rAX the limiting resolving 
power will be much less than that given by r, especially when 
r itself is very large. As can be seen from the expression for 
R, there is a maximum value beyond which one cannot increase 
R by increasing r, no matter how narrow the spectrum line 
may be. This value of R is given by — 


-p X X 

R^=^=r7S^^, 

so that the maximum resolving power of any instrument with 
an infinitely narrow slit is equal to one and three-quarter times 
the ratio of the mean wave-length to the width of the lines 
under examination. 

Wadsworth gives a table of the values of R, and of 

1^ , for various values of AX, and for values of r from 25,000 to 

1,000,000. As regards the values of AX, these have been based 
on Michelson’s measurements of the width of the lines, and the 
assumption was made that the effective width of a line, AX, is 
the half-width, as defined by Michelson (see p. 276). 
The following table contains the results of Michelson*s 
observations ; — 
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bsiance. 

Line 

Source 

Pressure, 

d in tenth 
metres. 

AA = 46. 

drogon 

Ha 6st')3 
}» 

}i 

yy 

Vacuum tube 

j» 

9 * 1» 

9 * 9 i 

Very low 
50 mm. 
100 „ 

200 „ 

0-047 

0*098 

0*134 

0-230 

0328* 

o'S 32 * 

0- 696* 

1- oto* 

limn 

Di 

Not given 

Di 5«90 

Vacuum tube 
Not given 
>* 

Flame 

Very low 
100 mm. 
200 „ 
Atmospheric 

0*005 

0*09 

0*16 

0*05 

0’020 

0-36 

0*64 

027^ 

Imium 

Red 6439 

( Vacuum tube \ 
\ at 280^^ / 

Very low 

0*0065 

0*026 

1 

( Irecn 5086 
Not stated 

»» 

jt 

1 

(?) Spark 
*» • 

99 

»» 

100 mm. 
200 „ 

400 „ 

0 

b b *0 b 

0*020 

0*200 

0*32 

0*56 

•rcury 

Green 5461 

( Vacuum tube \ 
\ at loo'^ / 

Very low 

0*03 

0*12 

- 


• 



. 


Wadsworth calculates the values of R, and for 

lues of AX ranging from o*oi to I’oo, and at a mean wave- 
igth of X 5= 5500 tenth metres. 

In the last column are given the values of cor- 
ipoiicling to the widths AX in the first column. In general 
will be seen that we very nearly reach this limit when r is 
out twice R. The gain in R obtained by a further increase 
r would not worth the expense of the larger instruments 
d the sacrifice of brightness necessary. In most cases it 
)uld be better to use a value of r not greater than one to one 
d a half times R„,„^, as then we shall have already obtained 

* The red hydrogen line is a. double, the distance between the com- 
lents being O’ 14 A. U. ; the value for 5 is for each component, and the 
ol eflcctivo width is therefore 45 + o’ 14. This is trae also for the 1 ) 
3s, the distance between the centres of the principal components being 
> 7 - When the density is low these components are separated by much 
)re than their cncolive width, but when it is high, as in the Bunsen 
me, the components broaden and overlap to the total width = 4® + 0-07, 
T. P. C. Y 
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three-fourths to seven-eighths of the limiting resolving power. 
For the finest lines yet known, for which AX is about o'oi A.U., 
the value of R„„„ is 950,000, and the maximum theoretical 
resolving power would be about 1,400,000, which corresponds, 
in the case of a grating, to an aperture of 18 to 20 inches. On 
the other hand, for visual work on such lines as those of 
hydrogen or of the bright metallic lines in arc spectra there is 
no need to use a resolving power greater than 20,000 to 25,000, 
i.e. a grating of l inch, or live 60“ prisms of li-inch aperture. 
For solar work, 5- or 6-inch gratings will accomplish nearly all 
that one could hope to obtain with larger apertures. 

Fourth case. In this, the practical and most important 
case, Wadsworth deduces the following expression for the 
angular resolution ; — 



and hence for the jiurity — 



It will be seen that this expression differs from tliat 
obtained for the theoretical purity / in tire presence of the 

factor in the denominator j when ^ = i, then, P = /, ix. the 

practical imrity equals the theoretical purity for monocliromatc 

radiations. In the table given above, it will be seen that i 

for narrow lines and small resolving powers is very nearly 
unity, and therefore the practical purity is very nearly equal 
to the theoretical; this, however, is very far from the truth for 
wider lines and greater resolving power. Wadsworth gives 
a table of the different values of P obtained with different 
values of AX, and r. This table may be reproduced here 



Width of slit 
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i i|j 


*) “ 


I O'OX 12400 
0*05 Z2400 

0*10 12400 

o*so T0900 
1*00 8300 

p 12300 

8900 

1 0*01 6700 

0*0$ 6700 

0*10 6700 

o*so 6400 
,1*00 5700 

p 6650 


1 o*or 4500 

0*05 4500 

o'lo 4500 

0*50 4400 

1*00 4300 

/ 4500 

/ 3900 


1 0*01 3700 

0*05 3700 

o*xo 3700 

0*50 2^ 

1*00 2600 

p 2700 

\y 3500 


0*01 1400 

0*05 1400 

P 0*10 1400 

0*50 Z400 

,z*oo 1400 


2^34 HKI I 454000 
lOfKXX) I 3OU00U 
. I080CO 

30400 

lOOOO 9800 
245000 491000 

i 77 CK,x» 35 SOOO 

1330UO s59otKi 
1 i3f>oo 17100U 
87500 X03000 

3X000 30600 

xogiK) 10000 
X3350U 267000 


(jou(K> I i 78 (xx> 
83 x 00 I t 4 iooo 
757«« 95yw 
3XZ(K) ' 2080U 
10400 ZUIOO 
90500 iBtocxi 
77500 1551100 

5450 U luSouo 
52900 97JOO 
48800 77 x 00 

30600 31100 

Z 051 X) Z 0300 

54StW liK)UK) 
4051 K> 99 rxx> 

27500 5490 U 

27««K1 

s 65 (x> 48 H 011 

Z73<.xi 3 o 6 tx) 
10300 105011 

«75«» S55<w 

30 <KIO 52000 


Z 4 <XV) 27 StK> 

13700 37300 

13600 a65(x) 

1x600 17300 

8600 10300 

X4cxx> 38000 
13CXX) 36000 
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In the table are given the values of P for different values of 
ranging from 0*0005 to 0*02, and widths of lines ranging 
from 0*01 to 1*00 A.U., and values of r from 25,000 to 
1,000,000. The values of the theoretical purity p are given, 
and also the values (/) calculated from SchustePs formula. 

As example, take the case of a spectroscope having a 
resolving power of 100,000 (5-inch grating, to, 000 lines to the 
inch, second order) ; if = 0*0005 {s = ^ mm., ^ = ^), the 
value of / is 158,000, while P varies from 163,000 to 10,000 ; 
the value of / (Schuster) is only 105,000. 

A further point of considerable practical importance is that, 

T 

for large values of P may be maintained constant, or even 

improved over a wide range of those slit widths actually used 
in practice. 

The maximum value of P will be attained when 

If r = 200,000 and AA. = i*oo, then = 20*75 

Table on p. 322), and therefore the maximum value of P is 
obtained when Ji/r = 4*i5X, or about 0*0023 ; this corresponds in 
the case of the usual spectroscope = ^) to a slit width of about 
mm. Under the same circumstances the value of P is still 
as great when the slit width is ^ mm. as when it is zero. For 
still higher values of r the maximum allowable widths of slit are 

still greater. Even with as low as 2 or 3 (corresponding to 

lines of 0*2 to 0*25 A.U.), and r only equal to 100,000, P 
remains undiminished up to when sifr =: k to i^k (0*0005 
o*ooo8), or when the slit width (with the concave grating)* is 
^ to ^ mm. 

Quite recently Wadsworth ^ has considered the influence of 
the absorption upon the resolving power in the case of prisms, 
and he finds that a very great decrease can be produced when 
the prism substance exerts much absorption. As a result of 

' P/isL Mag,, 6. 355 (1903). 
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his calculations Wadsworth shows that the following empirical 
formula expresses the relations very exactly 

o- = a{x + o‘ 0253 (B 3 )®} 

where <r is the angular limit of resolution (practical) and a is 

the theoretical angular limit, which is equal to when b is 

the aperture j is a factor depending upon the absorption, in 

which b is the linear aperture and B = “.7 when S is the 

2 0 ^ 

coefficient of absorption and / is the difference in the thick- 
nesses of glass traversed by the extreme rays of the beam. 

Now, it was shown on page 74 that — 


/ 2N sin- 
I — 2 



where N is the number of prisms, A the average refracting 
angle, and /a the index of refraction ; therefore we have — 



Bd = 



It is possible to calculate the effect of the absorption in the 
case of any spectroscope. As an example, the Bruce spectro- 
scope of the Yerkes Observatory may be taken; for this 
instrument — 


^ — 5'i cms., A = 63° 35', N = 3, and /t = i’6s3 when X = 5500 

= 1-678 „ X = 43oo 
= 1-693 „ X=:3900 

From these values we obtain — 

Bd = p X i 6*4 for X == 5500 
= ^ X 17-2 „ X = 4300 
= ^ X 17*8 „ X = 3390, 

^ Astro fhys. Joum,^ 16 . 12 (1902). 
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The following values of yS have been found for the glass 
used (0*102) 

P = 0*021 at X=s 5500 
= 0*071 „ X = 4300 
= 0*37 „ X = 3900. 

For the visual region of the spectrum, therefore, the value 
of is about 0*34, and the corresponding value of a as found 
from the equation given above is i*oo3a, the resolving 
power is diminished by less than X per cent. In the photo- 
graphic region the case is different ; at X = 4300, <r = i*04a, so 
that the resolving power is reduced by 4 per cent. ; and at 
X = 3900, cr = 2*ioa, so that the resolving power is reduced by 
more than 50 per cent. 

These results show that it is essential to use as transparent 
a medium as possible for the prisms in a spectroscope; 
transparency, however, in a material such as glass is only 

gained by sacrificing the dispersion coefficient This may 

be counteracted by increasing the refracting angle of the 
prisms. 

A further influence of absorption is shown in the apparent 
width of the spectrum lines themselves, and Wadsworth has 
calculated the angular widths of the lines {w)^ which are given 
in the following table : — 



w = 

2*ooa = theoretical value 

= 0-575 

w = 

2*04a 

= 1-386 

w = 

2*i6a 

= 2*197 

w = 

3'66a 

= 2*77 

w = 

4*8a 

B^ = 4*6i 

w == 

7*6tt 

II 

00 

w = 



In the last case the apparent width of a spectrum line is 
nearly seven times its width when the absorption is zero. 
This large increase in together with the accompanying 

' Astrophys, 6. 82 (1897). 
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reduction in the practical resolving power, is quite sufficient to 
explain the apparent haziness and lack of definition frequently 
observed in certain portions of a spectrum formed by prisms 
with strong selective absorption. 

The Conditions of Maximum Efficiency of the Spectro- 
scope. ^We are indebted to Wadsworth for very valuable 
papers, in which he deals with the comparative performances of 
different spectroscopes, and deduces the conditions which must 
be satisfied in order to obtain the greatest efficiency. In 
comparing the relative performances of different instruments it 
is necessary *to assume some condition common to them all; 
this will most naturally be the resolving power, and in the 
following considerations, unless otherwise stated, we shall 
always presuppose a fixed resolving power. The performances 
of two spectroscopes may be compared by the relative intensities 
of the spectra which they give, the resolving power of the two 
instruments being the same. We have therefore to deal with 
the necessary conditions for the greatest intensity with a given 
constant resolving power.^ 

The following abbreviations are used : — 

R, A, and F, the resolving power, linear aperture, and focal 
length of the telescope (this refers to astronomical spectro- 
scope^, and R, A, and F are the constants of the astronomical 
telescope). 

f> » ^9 the focal lengths and apertures of the collimator 
and observing telescope, respectively, of the spectroscope* 

, ^ a' 

V^=Jrand)S=jf,. 

ft), the angular magnitude of the source. 

s and the width and height of the illuminated portion of 
the slit. . ^ 

D, the dispersion. 

P, the purity. 

I and /, the intensities of the incident light and tlie 
spectrum. 

the intrinsic brightness. 

The intensity i of the spectral image of the slit will be 
* Asirophys. 1. <2 fiSocV 
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measured by the ratio between the area of the slit hs and the 
area of its image /is\ and is therefore equal to — 


where € is the factor of loss of energy by absorption, reflection, 
diffusion, etc., during transmission. In order to define the ratio 
Its 

/iV* express the value of //V in terms of f, and /is, 

where ifr and yS are the angular apertures of the collimator and 
observing telescope respectively. It is evident that — 

y 4. E + H + G, 


where E is the effective broadening of the image due to the 
effect of diffraction, H the effective broadening due to the 
dispersion, and G that due to imperfections of the instrumeiit 
(chromatic and spherical aberration, etc.). 

Similarly // =*^7/ + E + G', 

therefore— 





+ E + H 


/is 






(i) 


Now, the relative importance of the different terms in the 
denominator will depend upon the character of the spectrum, 
the width of the slit, and the quality of the instrument. In a 
good instrument (x and G' may be neglected in comparison 
with the others, and usually also the height /i is large compared 
with s and E; therefore the expression (i) reduces to ■ 


/ = 





I 

+ |(K + H) 


(•) 


In this expression the value of the terms K and H may now 
be considered for special cases. 

As regards the quantity E — that is, the broadening due to 



330 


spectroscop y 


the diffraction— Rayleigh I showed that, in the diffraction 
pattern of an infinitely thin line in the focal plane of a 
telescope, the first minimum is at such a distance, from the 
principal maximum that — 


and^= 


V‘ ' ' a 

Now, E may be put equal to f, and therefore— 


0 - 0075 , 


E-^ 

If now, for example, ^ = 1^7, which is not far from the usual 
value for an observing telescope, and = to then— • 

= ^ = 
i/f xjr 

when A has the mean value of 0*0005 j evidently 

jjj;E may he neglected in comparison with s when this has a 
greater value than 0-025 "t" . 

In the preceding we have assumed the slit to be uniformly 
illuminated ; in the case of stellar spectroscopy this is not true, 
because the image of the star upon the slit is so small that it 
falls eiitirely within the slit, and therefore the effective width 
and height of the latter is simply the diameter of the star image. 
Wadsworth shows that under these circumstances 









2 


I 


1 + 



(3) 


We have two cases to consider in the evaluation of H ; 
first, that H is small compared with s, which is true for bright 
Ime or discontmuous spectra; and second, that H is great 
compared with s, which is the case with continuous spectra. 


^ P / iii . Mag .^ 8. 265 (1879). 
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(tf) With bright line spectra, if Ax is the breadth of a 
spectrum line, then the resulting broadening of the image 




where r is the resolving power. The effective broadening 
may be considered as equal to half this,i and therefore— 




On page 321 was given a table of the effective widths of 
certain lines, and these were shown to lie between 0*02 and 
i*o6 A.U \ if we put = 25,000 and then H will lie 

between 0*0005 and o*oi8 mm. 

The importance of the term H on the intensity of bright 
line spectra increases rapidly with increase of pressure in the 
source of radiation, and with the resolving power of the 
spectroscope employed. In the case of the bright line spectra 
of the solar prominences, nebulae, and certain bright stars, but 
little is known of the width of the lines, and the value of H 
is therefore uncertain. The width of the reversed (bright) K 
line in the prominence spectrum has in certain cases been 
found to be about 0*2 tenth metres. For the same con- 
ditions as above the value of Z will be — 


Z = 25,000 X IS X o‘2 X lo*"' = 0-0075, 
therefore H = 0*0037 mm. 


We have already found E to be about 0*0075 (in stellar 
spectra about half this amount) ; in most cases therefore E and 
H may be neglected in comparison with s, and we thus have — 


-(f)’ 




Under conditions of constant magnification, ^ becomes 
constant, and the brightness of the spectrum as viewed by the 


' In a later paper Wadsworth puls H = J Z. See Astrophys, fount, ^ 
4 . 57 (1896), footnote. 



332 


SPECTROSCOPY 


eye is therefore nearly constant for all apertures and for all slit 
Widths greater than 0-025 

If the slit width be less than 0*025 mm., then shall we have 
to take mto consideration the magnitude of the terms E and 

H. Now, we have found that |e = ^ and H = ^ and 

on substituting these values in equation (2) we have— 




(4) 


Again, It IS evident on consideration of equation (2) that the 
maximum mtensity at the central portion of the image will be 


J=^(E + Z). 

Therefore for maximum intensity 


X r 

= T + -r AX. 

’A »A 


Substituting this in Schuster’s expression for purity— 

we have for the condition of maximum brightness and purity — 
2A. + rAA,^ ’ 

which shows that the purity of the spectrum can never, even 
with an absolutely monochromatic source, exceed 50 per cent, 
of the resolving power, unless the brightness be sacrificed by 
making the angular width of the slit less than the angle 
subtended by X at a distance equal to the aperture of the 
collimator. 

( 6 ) Continuous spectra. Ax is now very large in comparison 
with X ; if the source emits waves whose length varies regularly 
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and continuously from to then H becomes very large 
compared with all the other terms in the denominator, and so 
they may be neglected. If the intensity is miiform from end 
to end we have — 

H = Z = 


It will be noticed that in this case H is equal to Z, the total 
broadening due to the, dispersion; in the previous case H was 

put equal to 


Now, H is so great that we obtain the intensity from 
equation (2) — 


i==l€ 




Slj/ 


. ( 5 ) 


In the case of stellar spectra — 


i 



r(K-K) 


• ■ (5^) 


These expressions show that the intensity is directly pro- 
portional to the width of the slit, and inversely to the resolving 
power. Also for a given value of r and a given purity P 
(/.e. s^l/ = constant) the intensity is independent of the aperture, 
just as in the case of a discontinuous spectrum. Hence 
the brightness under conditions of constant magnification 

^ = constant^ is also independent of the aperture, and there- 
fore of the dispersion of the spectroscope. We thus have this 
difference between continuous and discontinuous spectra; in 
the first case the intensity is proportional to the width of the 
slit, and in the second case it is independent of the slit width, 
provided that this be above the limit o‘o2S mm. ' 

Wadsworth now considers the astronomical condition that 
the slit is illuminated by an image produced by means of the 
object-glass of an astronomical telescope. Let A be the linear 
aperture of this object-glass and F its focal length, and let 

this last is necessary if the collimating lens ot the 
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^teoscope is to be completely filled by the beam of light, 
further, let <o be the angular magnitude of the source. Now 
we must differentiate between the conditions that is vanish- 
ingly small, as m the case of the stars, and that it has a 
considerable size as in the case of the planets, nebulae, etc. 

In the first case, when o. is vanishingly small. The amount 

Produced 

by the telescopic object-glass depends upon the area of the 
latter, and therefore vanes directly as A%- the area of the 

image varies as and the mean intensity, I, of 

the image varies as We may, therefore, put- 

where k is an absolute constant which depends entirely upon 
the brightness of the source. 

width of the sUt is in this case simply equal 
to the diameter of the image, therefore— 

. 

Substituting this in the expression for purity (Schuster) — 

A. 


s = 


we have 


sf + X^’’ 

t = _ Jl. 

wA-f-3X'’ 


where ®A is small compared with 3A. 

Again, if as above we assume the condition of constant 
purity, and substitute this value of . in equations (3) and 

(5<z) deduced for stellar spectra : 

For continuous spectra — 

Sif/ 
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For discontinuous spectra — 


1 + 




iSH 

3 ^ 

I 


2X 


(aX + ^Ax) 


( 7 ) 


We see, 
iadependent 


therefore, that the brightness is in every case 
of i/r, but varies directly as the square of the 
linear aperture of the astronomical telescope. The necessity 
for a large aperture is at once evident. In order to obtain pure 

spectra a large resolving power is necessary, for p = -r 

and therefore p can never exceed If, now, we make the 
resolving power of the spectroscope proportional to the 
telescopic aperture A, then r = r^A, where is the value of 
r for unit aperture ; then for continuous spectra — 

A 




and for discontinuous spectra — 
i = 


This shows that under these conditions the intensity 
increases in a somewhat smaller ratio than the aperture ; this 
is due to the increase of E with r, on account of the additional 
losses due to absorption, etc., attendant on the use of a larger 
aperture and a higher resolving power. Equations (6) and (7) 
show that the intensity, and therefore the brightness, of the 
spectrum varies inversely as the wave-length, but in prismatic 
spectra this is compensated for by the fact that the resolving 
power of a prism varies inversely as the cube of the wave- 
length.’ In the case of continuous spectra equation (6) 
becomes simply, therefore — 
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where is tlie resolving power of the instrument for some 
particular wave-length. In addition to its higher efficiency as 
regards the concentration of light in only one spectrum, the 
prism train has therefore this other important advantage over 
the grating for the purposes of photography, viz, the more 
uniform distribution of actinic intensity in the spectral 
image. 

The best conditions for stellar spectroscopy may be 
deduced from the above equations. 

1. To have as large an object-glass as possible, so as to 
obtain a good illumination and make wA. great compared with 
A I the distribution of intensity will then be more symmetrical 
over the breadth of the telescopic image. 

2 . To make xj/ as large as possible ; that is to say, make the 

focal length F as short as possible in order that the width of 
.1 • cuA -f- 2 A 

tne image ^ arid therefore the effective width of the 

slit, may be as small as possible. 

In order that these conditions may be realised, Wadsworth 
recommends the use of reflecting telescopes. 

Second case, when the angular width of the source o) is so 
large that the width of the telescopic image is greater than the 
width of the slit. Under these circumstances wA is very 

large compared with and therefore the factor 
is simplified to The mean intensity, I, of the telescope 

image, therefore, 

In this case the purity of the spectrum will vary with ^ in 

the ratio and may therefore be kept constant in either of 

two ways : (i) by decreasing the slit width j as increases, so 
that ji/r = constant, or ( 2 ) by increasing the resolving power in 
the proportion n/r 4- A as i/r increases, s being constant. By the 
first method we diminish the intensity of a continuous spectrum 

in the proportion ^ by closing the slit j by the second method 
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by an 

increase in r. However, the gain in the latter case is counter- 
balanced by the increased loss due to greater absorption, so 
that the final result is about the same in either case. 

If the purity be kept constant, then we have for continuous 
spectra — 


we diminish it in a somewhat smaller ^atio, ^ 


I = and s = Snij/ when r = constant, 
or r = roisij/ + ^) = when s = constant. 

Therefore / = Is(^) , equation (5) 

s ' 

= ^ \9 when r is constant 

/ ^Ai — A^) I 

and / = ^ —pr, when s is constant 

7n\Ai — 


( 8 ) 


For discontinuous spectra, it was shown above that when the 
slit is greater tlian 0*025 mm., E and H in equation (3) may 
be neglected, and that 



In the present case {s> 0*025 mm.), therefore — 

* = (9) 

When, however, s < o'oas mm., then, by equation (4) — 



whence 1 = ^T+TSX 

It is evident, therefore, that the brightness is independent 
both of the linear aperture A and the angular aperture xj/ ; with 
a given spectroscope and an observing telescope the intensity 
depends, as before, only upon the value of that is, upon the 
T. p. c. X 
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intensity of the source of the radiation. Equation (lo) shows 
us that, in the casei^of bright-line spectra of sources having 
considerable angular magnitude, the intensity, and therefore the 
brightness, will necessarily diminish as the resolving power is 
increased. Pure spectra can only be obtained when the source 
is very bright ; further, a small telescope is just as advantageous 
as a large one. 

This last case closely concerns ordinary work upon terrestrial 
spectra, in which a condensing lens is usually used in order to 
focus the image of the source upon the slit. Since the intensity 
of the spectrum of a source having a finite angular magnitude is 
independent both of the angular aperture j/r and the linear 
aperture A of the lens, the term “ condenser ” is inappropriate. 
We can reduce A to infinitesimal dimensions or remove it 
altogether without loss of light, provided that — 

1. <0 = l/r, 

2. The source is of uniform brightness, 

3. The form of the source is geometrically similar to the 
aperture of the spectroscope. 

There are, however, certain practical cases when a con- 
densing lens is a great assistance. Amongst these may be 
mentioned the case when the arc or spark spectra are examined, 
for here the source cannot conveniently be brought near 
enough to the slit, so that cd may equal i/r. Again, it is often 
important to differentiate between the spectra of different parts 
of the source; a condenser must here be used, as otherwise an 
integrated effect is obtained of the light from the whole of 
the source. 

The equations hitherto developed refer entirely to visual 
observations. In the case of the photography of the spectrum 
somewhat different relations are obtained, and for these again 
we are indebted to Wadsworth,^ Evidently in the case of 
photography we are dependent upon the grain of the negative 
obtained ; and, therefore, the amount of resolution permitted by 
a negative is defined by the size of the silver particles in the 
emulsion. 

Now, under the microscope it was found that the very dark 
‘ Asirophys. Journ.y 8 . 188 and 321 (1896). 
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parts of a negative consisted of silver particles all adjacent to 
one another, and in the weaker parts the particles were 
separated by almost their own diameter from one another. 
Hence, to eliminate the effect of irradiation in the one case 
and to obtain a normal action in the other, it may be assumed 
that to see two lines separate on a negative there must be a 
region of weaker density in between them. 

It can therefore be assumed that, on a negative, two lines 
can be separated, if between the particles in the maxima of the 
lines there are one silver particle and two spaces ; that is to 
say, the linear distance between the two maxima or centres of 
the lines is equal to four times the diameter of a particle. If 
the diameter of a particle be called then we may assume 
at the start that for photographic resolution it is necessary 
that the linear distance between the centres of the lines be 
equal to 4^. 

Now, as has been pointed out before, Rayleigh showed 
that in order that two lines may be seen to be resolved, they 

must enclose an angle equal to ’ , where a is the diameter of 

the beam of light, and m a constant which is equal to i for 
rectangular beams, and 1*2 for circular beams. 

In the case of a telescope object-glass the Imear distance 

• 1*2 X A X P 

between the foci of the two rays is equal to where 


f is the focal length of the lens. For photographic resolu- 
tion this linear distance is equal to and therefore we 
a A. 

havey/ - Now, of course, the value of e varies accord- 

ing to the brand of plates, but may be taken as lying between 
0*003 mm. and 0*025 thus find that 


jr, vanes from 


at A = 6000 to ^ at A = 2500 


for the finest grained plates. That is to say, the focal length of 
the camera objective must be at least forty times its aperture in 
order that the resolution obtained with a photographic plate 
should be equal to that seen with the eye. For bolometric 
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work it is evident that the distance between the lines must at 
least be equal to the width of the bolometer strip for the 
bolometer to be able to recognise them as separate lines- 
Hence, if the linear width of the bolometer strip be called 
then — 

d X 

f " 

and therefore if ^ = o'l mm. and X =s 1 0,000 A,U., then — 



As we based the calculations before on the assumption of a 
constant visual resolving power, so we must now assume a con- 
stant photographic resolution, which will depend upon the 
visual resolving power r, the angular aperture of the camera 
objective and upon the structure or grain of the photographic 
plate. Considering only at first the resolution by the camera 
lens, then for the visual resolution of two images the limiting 
angle between them is given by — 


p 

il 

■ • • (ii) 

and for the photographic resolution — 


fu neB 

'7 * • 

• • • (12) 


Now, if we consider two lines of finite linear width, j, then, 
as shown before (p. 318), the angular distance between them 
which can just be resolved visually is — 


^ = • • • (^3) 

Photographically, only those lines will be resolved for which 
this expression is equal to or exceeds ^ or ; hence, if we 

J ^ 

call the photographic resolution for wide lines, we shall 
have — 


and then 
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or, when the focal length of the camera is such that the product 
of n times the diameter of the silver grain and the focal length 
is equal to or less than the angular separation necessary for 
visual resolution, then all of those lines which can be visually 
resolved will also be photographically resolved. 


But when (^sf + 


then 

S, 

nep 

S\fr + 

2S\I/ + X 

and 

— - 

ncP 

— — 

s\l/ 4 * 

2S\I/ + A. 

as before. 




(IS) 


3 = 


ftefi 


As the width of the lines, s, becomes greater, the photographic 
resolution of the camera objective becomes more and more 
nearly equal to the visual resolution for all focal lengths. Now, 
if the photographic and visual resolutions for fine Imes are 
equal, then, by (ii) and (la) — 


fi = 


tie 


(16) 


and, as n is 4 or perhaps 3, we have for limiting values of — 


X 

¥ 


<^< 


3 ^' 


that is to say, the angular aperture of the camera objective 
ought not to be greater than one-third the ratio between the 
wave-length of light and the diameter of the silver grains. 

If we wish to resolve photographically only those details 
which have an angular separation S as above, tlien we may 
with advantage increase the angular aperture of the camera 
until we have, by (14) and (15) — 
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Under these conditions we would still photographically resolve 
all the details that could be visually resolved. 

This refers to the case of a slit of width s and mono- 
chromatic radiations. 

In the practical case, when the lines also have a definite 
width, it is necessary that (see above, p. 323) — 


2S\l/+k^ 


(18) 


The photographic purity Q will then equal the practical visual 
purity P, as found above. 

If, however, in a particular apparatus is greater than 
the expression — 

(‘eT 


-f 


2n/r + 


then the photographic purity Q will be foimd from the equation — 






Q = 


2S>lr + k^ 
7iep 


(19) 


Applying the above to astronomical photography, we can 
obtain the brightness from the equations already developed. 
In the first case, when the spectra of stars were dealt with 
and the breadth of the slit was put at least equal to the diameter 
of the first diffraction ring of the telescopic image, the following 
two equations were obtained for constant purity : — 

Continuous spectra — 




Discontinuous spectra — 
i = 


rA(Ai - Aa) 


a(2A + ^AA^ * 


( 6 ) 


( 7 ) 
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In the second case, when bodies were dealt with giving 
larger images, the two equations were obtained : — 

Continuous spectra — 


11’ 

1 

. . . ( 8 ) 

Discontinuous spectra — 


* = r-!—rT • . 

, 2X1 -j- f‘AA. 

I + 

2 S 

■ • • (10) 

= ^€ 0 '^ 

■ • (9) 


when the slit is wider than 0*025 mm. 

First case. From an inspection of (7) and (10) it will be seen 
that in the case of bright-line spectra there is only one possible 
way of increasing the brightness, and that is by increasing the 
angular aperture of the camera. 

The photographic purity will be independent of ^ up to 
the limit imposed by (18), but above this, in order to keep the 
photographic purity constant, we must increase r in the same 
ratio as or make — 

(*o) 

Po 

where To is the initial theoretical resolution of the spectroscopic 
train, and is defined by the relation from (18)— 



Up to the point ^ = )8o the brightness of the spectrum 
increases in the ratio y8“ (as seen from (7) and (10) ) ; beyond 
this point it still increases, but less rapidly, because of the 
increase in r necessary to preserve the photographic purity 
constant. This increase in r decreases the intensity i by reason 
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of a, decrease in the factor €, as well as by the increase in 
directly. From (7) we have — 


and from (lo) 


L _ 6X + ^ qAA. 

h ~ * 6X + rEX ’ ' 

i _ -M" 2X + ^'oAX 

fo i* + 2X + MX 


• • (22) 

• * (23) 


In both these equations — (22) and (23) — the terms ;'AX are, 
as a rule, small in comparison with the other terms, so that 
they may be neglected. Hence, in comparing the values of / 
and /qj except for very large values of r,„ we may write — 



Let us assume now that c varies according to the following 
law : — 


r = ; 0 € = 0*85, I prism, or first order of grating 

r = 2;o c = 072, 2 prisms, or second order of grating 
r = 3ro € = o’6o, 3 „ third „ „ 

^ = 4^0 € = 0*50, 4 „ fourth „ „ 

^ = S''o € = 0-45,5 ,, fifth 

which represents approximately the percentage amount of 
sodium light transmitted through i, 2, 3, 4, 5, ordinary flint-glass 
prisms. 

Let us assume further that and = 25,000, then the. 

values of r and r are given in the following table for values of 

rangmg from ^ to ^ for three different widths of slit. ^ has 

been taken as i*i (which corresponds to AX = 0-2 A.U.) ; mr 
as o 04 mm. {e = o-oi and « = 4) j and X as 0*0004 nim., which 
IS about the position, of maximum photographic action. 
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9350 . 

; = 

19-0 

4900. 1 


Qo = 

13 

= 3300 * 



e 

* V 

1 ^ 

t / i 5 |i \ * 


e 



i 

‘■0 

/„ j 

\ 

/„ ^(002) 1 

r 

4*0 

i: ^ 0^02) 

35 = 0*02 

95000 

1*00 

»'oo 

25000 1*00 

1*00 

25000 

1*00 

I'OO 


95000 

1*00 

I-S6 

25000 1*00 

x*S6 

25000 

1*00 

1*56 

SB 

31250 

0*96 

9*67 

25000 1*00 

9*78 

25000 

x*oo 

2*78 

its 

46750 

0*87 

5*44 

1 25000 1*00 

6*25 

1 25000 

1*00 

6*25 

15 

93500 

o*63(V) 

*5*75(0 ' 

49000 0*84 

91*00 

; *3000 

0*76 

24*00 

i 

1 187000 

1 

o* 3 oC?) 

30*00 

1 98000 i 0*59(7) 

S9*oo(?) 

1 

166000 

ll 

0*76 

76*00 


The factor is introduced in order to make the ratio ■' = l for 

o oa 

i8 = 3V 


Wadsworth gives an example of the practical application of 
this table ; in photographing the bright lines in the spectra of 
the star a Orionis with a slit width of 0*02 mm. and the tele- 
photo lens (equivalent focal length = twenty times tl\e aperture), 
forty minutes* exposure was required (Newall). 

If the* angular aperture had been increased to one-tenth, 
and the resolving power increased in the ratio or about 
2:1, the same degree of photographic purity would have been 
secured, and the time of exposure diminished in the ratio of 


61 

i 6-25’ 


or over three and one-third times. 


Second case. Continuous spectra from extended sources. 


From (8) we see that in this case the intensity varies directly 


as and inversely as For two values of jS wc have, 
from (8) — 


Up to the point ^ as defined by (18) or (21), the 
photographic purity remains constant for a given value of ;* = 
and the intensity, therefore, increases directly as /S'**. Hut 
beyond this point, in order to maintain the photographic purity 
constant, wc must increase the resolving power in the ratio 




Hence, for values of wc have- 
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h €o 

The values of are, therefore, the same as in the last table 

for values of p less than For values of yS greater than y 8 o> 
they can be found by multiplying the corresponding values in 

the table by ^ The values so obtained are given in the 

following table. The values of^, and r, are the same as 
before, and are not tabulated. 


)“ 

^0 \O* 02 / 

U looa/ 

G (ii)' 

/l‘00 

I *00 

1*00 

1*56 

I *56 

1*56 

2*14 

2*78 

2*78 

2’9I 

6*25 

6*25 

3*21 

10*72 

i8*i8 

4*01 

15*05 

2879 


From the table it is evident that the advantage of increasing 
the angular aperture beyond the value is a good deal less 
than in the previous case. Still, in the case of an average slit 
width j = 0*02 mm., there is a very considerable gain in making 
it as large as and if sufficient resolving power is available 
even as large as 

Wadsworth next treats of the third case of continuous star 
spectra, which may be included here. In this case the ratio of 
intensities for two angular apertures, yS and y0„, is from ( 6 )— 

h €oW 

and for constant photographic purity — 
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£. -.1 ^ 
^*0 €0 


where is defined as in the preceding case by (21). 

Now, in the spectrograph, we are chiefly concerned with the 
necessary time of exposure, not with the intensity. In all 
cases before, these quantities have been inversely proportional, 
but they are not so in the case of stellar spectra, because it is 
always necessary to allow the star image to move along the slit 
so as to produce a sufficiently wide spectrum for measurement. 
With a long focus camera the “ drift ” necessary to produce a 
given broadening would be less than with a short focus one, 
and if the amount of drift be so regulated that the final breadth 
is the same in each case, the time of exposure will not vary as 
^*0 1 

but as — 



or 


1 ^'0 


(^ 5 ) 


Thus, an actual increase in the time of exposure is required 
when the angular aperture is made less than ft, as defined 
by (21). 

The limiting values of jS = ft, for slit widths of o’oi, 0*02, 
and o’o3 mm., have already been calculated on the assumption 
that the diameter e of the .silver grains is o’oi. But in stellar 
work it is necessary, on account of the faintness, to use the 
most rapid plates. Now, assuming constant purity and resolv- 
ing power, the focal length of the camera will increase directly 
with and the intensity will diminish as P‘, But the sensitive- 
ness of the plate increases more rapidly than so it is more 
advantageous to use a long focus camera lens and the most 
rapid plates than a short focus lens and slow plates. 

In the following table are given the limiting values of ft=ft», 
using the same values of n and Ro as before : — 
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1 




s 


S\lf 

c = 0*015 

= 0*01 

0*01 

isX 

0*001 

I 

I 

0*015 

V 

55 

37*4 

0*015 

0*023 

t) 

00015 

I 

387 

I 

25*8 

0*02 


0*002 

X 

I 

0*03 

h> 

29*4 

19*6 

0-03 

0*045 


0*003 

I 

19*8 

I 

13*2 


In the case of stellar spectra the width of the slit is (theo- 
retically) determined by the diameter of the first diffraction 
ring of ihe star image, and this, in the case of most telescopes, 
will not exceed o-oi to o*oi 5 mm. On account of the un- 
stealiiness of the image due to atmospheric disturbances, the 
width of the slit must, in order to avoid undue loss of light, 
generally be greater than this, but, as a rule, it cannot be wider 
than 0*2 mm. For this width the maximum efficient aperture 

II II 

A is about — for i/r = ^ , and about for xl/ = — . In the 

case of the stellar spectrograph, the focal length of the camera 
objective should not be less than 30 to 40 times the linear 
aperture. If the spectrum is too faint, the proper remedy is to 
reduce the resolving power, and hence the linear dispersion of 
the spectroscopic train imtil the requisite brightness is obtained. 
This method has the great advantage that for a given photo- 
graphic result, the whole apparatus is made smaller, optically 
simpler and less expensive, while the whole resolving power is 
practically utilized. A certain diminution in rigidity may be 
caused by the unusual focal length of the camera objective, 
but this may be overcome by diminishing the linear aperture 
r remaining constant, or by using a fixed-arm apparatus, or by 
using a telephoto lens. The first or second alternative is 
preferable. Wadsworth considers that small apertures on the 
whole are most advantageous for stellar spectroscopes where 
r is low, and inclines to the second alternative for solar instru- 
ments. If the form of the instrument remains the same, the 
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actual length of the camera is constant for all valjies of /3 
greater than ^oj since, in order to maintain the photographic 

purity constant, we must increase r in the ratio j? , and, there- 
to 

fore, for similar instruments d in the same ratio. 


Hence = constant, 

and the only advantage which an instrument of larger angular 
aperture has is a better proportion of parts. 



CHAPTER Xr 

THE PHOTOGRAPHY OF THE SPECTRUM 

No attention has as yet been paid to the actual methods of 
photography employed in spectrum work, and a few pages may 
well be devoted to their description. Chiefly, however, we must 
discuss the special methods used in the preparation of plates 
for the photography of the regions to which the ordinary com- 
mercial plate is not sensitive. The ordinary dry plate of the 
market is quite sensitive between the limits X = 5000 and 
X = 2200, and may, therefore, be used for these regions. It 
must be remembered, however, that the slower speed plates 
generally produce a much finer grained image than do the 
rapid plates, so that it is always advisable to use slow plates 
where possible for spectrum work. With the very rapid plates 
the spectrum lines become badly defined, and very difficult 
to measure with any degree of accuracy. The maximum of 
sensitiveness of an ordinary dry plate as made at present lies 
in the violet or indigo region of the spectrum; on the red 
side of this maximum the sensitiveness falls away rapidly, 
becoming very small beyond the limit given above of X = 5000. 
It is quite possible, with bright illumination and sufficiently 
long exposure, to photograph the green, yellow, and even the 
red regions with certain commercial slow plates, but this is 
impracticable on account of the great exposures required. On 
the more refrangible side of the maximum the sensitiveness 
falls off more slowly, and extends to X = 2ioo, where the 
absorption due to the gelatine begins to make its appearance. 

In 1873 VogeH discovered that if the emulsion of a photo- 
graphic plate is mixed with one of certain dyes, or if the plate 

» Betic / tie , 6. 1302 (1873) ; 7. 976 (1874). 
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is simply allowed to stand for a short time in the solution of 
the dye, it becomes sensitive to those rays, which are absorbed 
by the dye. Thus corallin absorbs the green and yellow rays 
of light, and Vogel found that a collodio-bromide plate on 
treatment with this dye became sensitive to those rays. Vogel 
experimented with many other dyes, amongst others cyanin, 
naphthalene red, fuchsine, etc. A great deal of work upon 
the subject has been done, and various theories proposed, 
but the inner meaning of the action of the dye is still un- 
known. An interesting and very important fact is that the 
strength of the solution of the dye must be very weak (o’ooi 
to o'oi per cent), as otherwise the whole sensitiveness of the 
plate is reduced. We are indebted to Eder ^ for an extended 
investigation into the effects of various dyes ; he found, amongst 
other facts, that the new maximum of sensitiveness is always 
about 30 A.U. on the red side of the absorption maximum 
of the dye used. 

A very great number of dyes have been recommended for 
sensitising plates, and it is impossible to quote them all here. 
There are so many brands of orthochromatic plates upon the 
market which are suitable for the photography of the spectrum 
from Fraunhofer’s C to the ultra-violet, that it is hardly worth 
one’s wliile preparing the plates, except for the extreme ends 
of the spectrum. 

The following, however, may be given as typical recipes 
for sensitising plates for the regions specified. 

Erythrosin, recommended by Eder, 2 for tlie region from I) 
to the ultra-violet — 

35 c.c. erythrosin solution (i part in looo parts of water}, 

I c.c. silver nitrate solution (i part in 80 c.c. of water), 

■h c.c. = 8 drops of ammonia (sp. g., 0-91), 

75 c.c. of water. 

The plates arc soaked in this for three or four minutes, and 
then quickly dried. 

‘ mV//. Pit., 90 . I, 1097 (1884); 92 . 11 , 1346 (1885); 93 . II, 4 
(1886) ; 94 . ir, 75 and 378 (1886). 

* Kder’s Hamibnch d. Photographic, T, 226 (Wilhelm Knapp, Halle, 
1891). 
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Cyanin, for the region from C to D, with a minimum in 
the green j the solution recommended by Eder is as follows : — 

2 parts of a 0*25 per cent, solution of cyanin in alcohol, 

100 „ water, 

^ part of ammonia. 

The plates to be soaked in the bath for four minutes with 
continual rocking, and dried. They keep from one to two 
weeks. 

Hiibl ^ recommends the conversion of the commercial 
cyanin, which is the hydriodide of the free base, into the 
hydrochloride by evaporation with concentrated hydrochloric 
acid over a water bath; 300 c.c of a saturated solution of 
borax are mixed with 3 c.c. of a 0*2 per cent, solution of the 
dye in alcohol. The plates are soaked in this for five to ten 
minutes, and are used at once while wet, or are rinsed in water 
and dried. 

Burbank® also makes use of cyanin, this compound being 
treated in rather a novel way : i grm. of cyanin, 31 grms. chloral 
hydrate, and 125 c,c. of water (best in an Erlenmeyer flask) are 
heated for half to three-quarters of an hour on a water bath with 
vigorous stirring ; 35 c.c. of strong ammonia are now added, 
which causes a considerable evolution of chloroform. The 
cyanin is at the same time deposited as a liquid on the sides 
of the flask (probably because it contains chloroform). After 
allowing to settle for a few minutes, the supernatant liquid 
is carefully poured off, so as not to disturb the cyanin ; 100 c.c. 
of methylated spirit are added to dissolve the cyanin, and 
then also a solution of 8 grms. of quinine sulphate in methy- 
lated spirit. The quinine may be dissolved in 120 c.c. of the 
spirit with the aid of heat. The whole is then made up to 
about 230 c-c., this being the stock solution, which must be 
kept in the dark, as it is very apt to become decomposed. 
The above preparation should be carried out in as little light 
as possible, and the following staining and drying processes 
must be conducted in absolute darkness. To 850 c.c. of Tvater 

’ Phoiog ,^ 11. 168 (1897). 

* PhiL Mag , (5), 26 . 391 (1888). 
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are added 6 c.c. of the stock cyanin solution, and 6 cx. of 
strong ammonia. The plates are placed in this solution for 
about four minutes, and dried ; they may be developed with 
a pyro-potash developer. I have used this process with 
excellent results. 

Two very important dyes for use in sensitisers for the red 
are alizarin blue and coerulein, and these have been employed 
as the sodium bisulphite compounds with great success by 
Higgs, ^ as well as by others after him. Higgs gives the fol- 
lowing rather lengthy method of preparation of the compounds, 
at the same time pointing out the necessity of using pure 
substances for the best results. He says — 

“ To a saturated solution of sodium bisulphite in a mortar 
is added alizarin blue paste. This is disintegrated with a 
pestle, and poured into a glass vessel capable of holding an 
additional quantity of sodium bisulphite, in all 10 parts of 
the paste to 20 parts of the bisulphite, and another to parts 
of water. The vessel is well stoppered, set aside in a cool 
place for five or six weeks, and shaken daily, but left un- 
disturbed duri;ig the last eight or ten days. 

“ The solution is decanted, filtered, and treated with alcohol, 
to precipitate the greater portion of the remaining sodium 
bisulphite. Fifty parts of water are now added with a sufficiency 
of sodium chloride to form a concentrated solution. Again 
set aside in an open-mouthed glass jar, covered with bibulous 
paper, for seven or eight days, a deposition of the dye in a 
crystalline state, together with sulphite of calcium, will take 
place, which latter, owing to its insolubility in water, may be 
removed by filtration. 

‘‘The alizarin blue S is separated from any unaltered sub- 
stance left in the original stoppered vessel by solution, and 
added to the brine, now purified from lime salts, and once 
more set aside to crystallise ; the final purification is effected 
in a beaker containing alcohol and a small percentage of 
water to remove the last traces of sodium chloride, collect- 
ing the crystals on a filter paper and drying at ordinary 
temperatures. 

* Proc, Roy, Soc,, 49 . 345 (1S91). 

T. P. C. 2 A 
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“The needle-shaped crystals are of a deep-red colour. 
Dilute solutions are of a pale sherry colour, changing with 
the addition of a few drops of ammonia to a green, which 
immediately gives way to magenta and every shade of purple 
till it assumes a blue colour. 

“Plates immersed in a solution containing i : 10,000 of 
the dye and i per cent, of ammonia give the most perfect 
results the day after preparation, but rapidly deteriorate unless 
kept quite dry. 

“An exposure of forty minutes with a slit width of o’ooi 
inch gave the region of A in the second order of a grating 
with perfect detail ; \ = 8400 has also been reached.” 

The process for the preparation of pure coerulin S is a 
slight modification of the preceding. The results obtained, 
as well as the actinic curve, are almost identical. The pure 
substance is almost white. 

Alizarin blue bisulphite in combination with other dyes 
has been used with considerable success by Lehmann,^ who, 
after making trial of several dyes, amongst which were coerulein 
and cyanin, found that the following solution gave the best 
results : — 


Alizarin blue bisulphite (i in 500) . . . . 

Nigrosin (water soluble) (i in 500) . . . 

Ammonia (sp. g., 0*910) 

Distilled water 

Silver nitrate (i in 40) 


2 C.C., 

1*5 C.C., 
1*0 C.C., 
100 C.C., 

5 drops. 


The solution is filtered, and the plates are soaked therein 
for four or five minutes, and quickly dried. As a developer, 
Lehmann recommends ferrous oxalate, containing 3 to 4 c.c. 
of potassium bromide solution to each 50 c.c. of developer. 
All processes should be conducted in absolute darkness, but 
if one prefers not to have complete darkness, light as nearly 
monochromatic as possible should be used of about the wave- 
length of Fraunhofer's E. The plates do not keep for more 
than four days at the longest, and are sensitive to X = 9200, 
and even to X = 10,000 with longer exposure. It is preferable 

‘ Arch,/, Wissmscha/iliche Phoiogr,, II, 216 (1900). 
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to recrystallise the dye-stuffs in the dark before using them, 
because the sensitiveness of the plates is materially inrwased 
thereby, especially for the longer wave-lengths. 

Nigrosin has also been used by Eckhardt,' who found that 
plates could be rendered sensitive to the region betw'een 
Fraunhofer’s A and B, and also to the orange, though in less 
degree by the following solution : — 

Nigrosin B. (Beyer & Co., Elberfcld) (i in 500) 10 parts. 

Ammonia , part. 

Distilled water parts. 

The plates are soaked in this solution, and then washed with 
alcohol 

I have used Lehmann’s recipe with excellent results, 
especially when Lumihre’s B plates (sensitive to red and 
orange) are used. One other dye for the extreme red may be 
mentioned, namely, the diazo-black, BHN, of Beyer & Co., 
which Valenta '■* considers far superior to nigrosin, as the plates 
are four times as sensitive. 

As is well known, Abney succeeded in preparing a special 
photographic emulsion which was sensitive to rays with a 
wave-length of k = 20,000, and by means of this has photo- 
graphed the solar spectrum to A. = 10,000 A.U. Abney com- 
menced his work upon the dyeing of plates, and found that the 
maximum of sensibility always lay in the same spectral region 
as the absorption maximum of the dyed emulsion. Arguing 
from these results, Abney* conceived the idea of making a 
silver emulsion, which of itself should absorb red light, in 
distinction from the ordinary emulsions w'hich absorb blue 
light, and hence appear red by transmitted light. This he 
succeeded in doing, and obtained an emulsion essentially blue 
by transmitted light, which was extremely sensitive to red rays, 
even in some cases to the rays from boiling water. Before 
describing die methods employed, it may be pointed out that 
Abney found that his emulsion had two maxima of sensitiveness, 

' Phot. Correspotufens, 84 . 121 (1897). 

“ 86. 314 (1898). 

» Phil. Trans., 171 . tl, 653 (i88o). 
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one at X = 7600, and the other at X = 3800 ; and he therefore 
suggested, as one maximum was the octave of the other, that 
the silver bromide which is blue by transmitted light is more 
associated than the bromide which is red. He also found that 
the new emulsion when rubbed became converted into the 
ordinary variety, red by transmitted light, and lost its power of 
responding to the longer wave-lengths. The following method 
is given by Abney : — 

A normal collodion is first made according to the formula — 


Pyroxylin (any ordinary kind) .... 16 grains, 

Ether (sp. g., 0725) 4 ozs., 

Alcohol (sp. g., 0*820) 2 ozs. 


This is mixed some days before it is required for use, and 
any undissolved particles allowed to settle, and the top portion 
is decanted off. Three hundred and twenty grains of pure 
zinc bromide are dissolved in ^ to i oz. of alcohol (o'Sao), 
together with 1 drachm of nitric acid. This is added to 3 ozs. 
of the above normal collodion, which is subsequently filtered. 
Five hundred grains of silver nitrate are next dissolved in the 
smaller quantity of hot distilled water, and i oz. of boiling 
alcohol added. This solution is gradually poured into the 
bromised collodion, stirring briskly while the addition is being 
made. Silver bromide is now suspended in a fine state of 
division in the collodion, and if a drop of the fluid be examined 
by transmitted light it will be found to be of an orange colour. 

Besides the suspended silver bromide, the collodion contains 
zinc nitrate, a little silver nitrate, and nitric acid, and these 
have to be eliminated. The collodion emulsion is turned out 
into a glass flask, and the solvents carefully distilled over with 
the aid of a water bath, stopping the operation when the whole 
solids deposit at the bottom of the flask. Any liquid remaining 
is carefully drained off, and the flask filled with distilled water. 
After remaining a quarter of an hour the contents of the flask 
are poured into a well-washed linen bag, and the solids 
squeezed as dry as possible. The bag with the solids is again 
immersed in water, all lumps being previously crushed, and 
after half an hour the squeezing is repeated. This operation 
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is continued until the wash water contains no trace of acid 
when tested by litmus paper. The squeezed solids are then 
immersed in alcohol (0*820) for half an hour to eliminate 
almost every trace of water, when, after wringing out as much 
as possible of the alcohol, the contents of the bag are transferred 
to a bottle, and 2 ozs. of ether (0*720) and 2 ozs. of alcohol 
(0*805) added. This dissolves the pyroxylin, and leaves • 
an emulsion of silver bromide, which when viewed in a film is 
essentially blue by transmitted light. ‘ 

All these operations must be conducted in very weak red 
light, such a light, for instance, as is thrown by a candle shaded 
by ruby glass, at a distance of 20 feet. It is pointed out in a 
footnote that a faint green light of a wave-length midway 
between E and D would be best. 

It is most important that the final washing should be 
conducted almost in darkness. It is essential to eliminate all 
traces of nitric acid, as it retards the action of light on the 
bromide, and may destroy it if present in appreciable quantities. 
To prepare the plate with this silver bromide emulsion, all that 
is necessary is to pour it over a clean glass plate, as in ordinary 
photographic processes, and to allow it to dry in a dark 
cupboard. (It has been found advantageous to coat the plate 
in red light, and then to wash the plate and immerse it in a 
dilute solution of hydrochloric acid, and again wash, and 
finally dry. These last operations can be done in dishes in 
absolute darkness ; the hydrochloric acid gets rid of any silver 
sub-bromide which may have been formed by the action of the 
red light.) 

Abney recommends the ferrous oxalate developer mixed 
with an equal volume of potassium bromide solution containing 
20 grams to the ounce. The film is first softened by flowing 
over it a mixture of equal parts of alcohol and water, and is 
then well washed. The developer is now poured over the 
plate, taking care not to touch tlie film with the fingers. 

By diminishing the amount of nitric acid to one-fourth tlie 
amount given above, it is possible in very cold weather to 
obtain plates which are sensitive to the radiations from boiling 
mercury or even boiling water. In summer-time this emulsion 
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produces what is known as foggy, pictures i but it can be 
rendered of use by flooding with hydrochloric acid* In the 
preparation of such an emulsion the water bath must be kept 
at a temperature but little above that of the boiling-point of 
ether. 

There are at present upon the market many brands of 
plates which have been specially sensitised for the red and 
yellow, and for the yellow and green regions. Amongst several 
may be mentioned Edwardses Isochromatic and Lumifere’s 
series A for the yellow and green, and Lumibre’s series B and 
Cadetfs spectrum for the red and yellow; these last have a 
weak minimum of sensitiveness in the green at about E ; there 
is also the so-called panchromatic plate of Lumibre. Mention 
should also be made of a plate by Schleussner of Frankfurt 
a./M,, which Runge found to be sensitive to the extreme red, 
for he was able with these to photograph lines in the spectrum 
of argon to as far as X = 8015. 

As regards the manipulation of the plates there is very 
little to be said beyond what is to be found in ordinary text- 
books upon photography. Spectrum photography differs from 
landscape work in that one strives after as hard contrasts as 
possible, and therefore the developer should be selected 
accordingly. Veiy good results are obtained with hydro- 
quinone or ortol, especially the latter. In such cases an acid 
fixing bath should be used, i,e, a bath which contains sodium 
bisulphite as well as the thiosulphate. This may be obtained 
by adding some sodium metabisulphite crystals or concentrated 
sodium bisulphite solution to the fixing solution ; Eder ^ re- 
commends 50 C.C. of a concentrated sodium bisulphite solution 
to I litre of 25 per cent, solution of sodium thiosulphate. 

In working with the red and yellow sensitive plates it is 
always better to work in absolute darkness, although sometimes 
a green screen is recommended, because this style of plate 
usually possesses a minimum of activity in this region. It is 
quite simple to find by experiment how long a particular 

^ ITandbtich, 1, 226. 

® Obtained by passing SO* into a saturated solution of sodium 
sulphite. 
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developer takes to fully develop a correctly exposed spectrum 
plate ; all plates are then placed for that time in the developer 
and washed, fixed, and dried in the usual way. 

It remains now to describe the special methods employed 
by Schumann for the preparation of the plates for the photo- 
graphy of the extreme ultra-violet region to as far as A, =? looo 
tenth metres. These may be described at length ‘ on account 
of the importance of the methods. It has already been pointed 
ont**^ that Schumann discovered that gelatine exercises a very 
powerful absorptive influence upon the rays of short wave-length, 
a film of 0*00004 mm. producing a noticeable effect. He also 
found by experiment that a deposit of pure silver bromide was 
sensitive to the very short waves, and therefore the following 
methods were devised for the preparation of plates which con- 
tained either pure silver bromide or silver bromide with a very 
small trace of gelatine to bind it together, so small as not to 
exert any appreciable absorbing action upon the light. In both 
methods the silver bromide is precipitated from mixed solutions 
of potassium bromide and silver nitrate, and at the bottom of 
the vessel containing the solution is placed a cleaned glass 
plate upon whu'.h the silver salt settles. When a layer of the 
salt has formed, the supernatant fluid is taken off with a 
pipette or syphon, leaving the coated plate at the bottom of 
the vessel. 

In the first method, when pure silver bromide is used, it is 
caused to precipitate itself from weak solutions containing an 
excess of potassium bromide, as in this way it comes down in 
a very fine-grained condition. The following solutions are 
made up : — 

2 grins, potassium bromide in 4 litres of distilled water,, 

2. grms. silver nitrate in 100 c.c, of distilled water., 

In the dark room small portions at a time of the silver 
solution are poured with vigorous shaking into the potassium 
bromide solution ; a transparent red (coloured liquid is thus 
ol).tained„ wliich may be filtered, and is then ready to Ixi 

^ Wiemr Berkhte^ 102. Ha, 904(^^93)^ 

* Chaptoc VnT.> p. 26 S. 



360 


SPECTROSCOP Y 


set aside to precipitate its silver bromide. Only a very thin 
layer of the salt should be allowed to settle upon the plate, as 
otherwise it is easily removed in the fixing process; Schumann 
therefore only allows the solution to stand over the plate for 
two days a complete precipitation would take some weeks. 
The process can be hastened at a slight expense of fine 
grainedness by addition of 30 c.c. of ammonia ; ten to fifteen 
hours will then be sufficient. 

The second process consists in the precipitation of the 
silver bromide from a solution containing some dissolved 
gelatine, when a small quantity of the latter is carried down, 
sufficient to bind the silver salt to the plate ; the gelatine 
content of the silver salt varies from i in 18,000 to i in 
155® pfl-rts. The same solution as before may be used, with 
the addition of 0-2 grm. of hard gelatine, but a very slow plate 
is formed. It is best to make a regular silver bromide emulsion, 
and heat it and treat with ammonia in the usual way adopted 
with dry-plate emulsions, and then dilute with hot water, and 
allow the silver salt to precipitate. The emulsion is made as 
follows : — 


C 12 grms. potassium bromide, 

A j 2 grms. emulsion gelatine (hard), 

C 200 cc. distilled water. 

3 f 15 grms. silver nitrate, 

\ 200 c.c. distilled water. 

Both are wanned to help solution, and then in dark-red 
light B is added little by little with vigorous shaking to A. 
The emulsion may be used at once, or made more sensitive by 
heating and treating in the usual way, as described in any text- 
book on the preparation of rapid emulsions. It is necessary 
durmg any process to keep shaking the vessel containing the 
emulsion to avoid the settling out of the silver salt. The 
emulsion is then poured into 4 litres of hot water, filtered, and 
set aside for a few hours to partially settle and remove all 
suspended particles not removed by the filtering. The super- 
natant liquid is then decanted and is ready for use. 

A second recipe for a more sensitive emulsion may also be 
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given, as Schumann finds this to give better results than *any 
other. The presence of the silver iodide improves also the 
intensity and the clearness of the photographs. 

1 6 grms, potassium bromide, 

0*6 grms. potassium iodide, 

I grm. emulsion gelatine, 

100 c.c. distilled water. 

( 8*1 grms silver nitrate, 

I 100 c.c. distilled water. 

After the gelatine is melted, both solutions are warmed to 
50*^ or 60° C., and B is added little by little to A in red light 
with thorough shaking. The mixture is heated for half an hour 
on a water bath, being shaken all the while, then allowed to 
cool to 40^^, when 4 c.c. of ammonia are added \ the mixture is 
then allowed to cool for a further half-hour, or is kept at 
a temperature not above 40'^. Then 64 c.c. of the liquid are 
poured into 4 litres of water previously warmed to 40°, sliaken, 
filtered, and after standing quietly for one or two hours is 
decanted and allowed to settle upon the plate. 

The plates after drying must be thoroughly washed in a 
gentle flow of water. 

The precipitation of the silver bromide upon the plates is 
best carried out in a developing dish, which must be at least 
I centimetre larger each way than the plate to be sensitised. 
The plates before treatment with the silver bromide are prefer- 
ably coated with a thin layer of gelatine ; the plate is thoroughly 
cleaned and warmed, and iqKm it is flowed a warm 2 per cent, 
gelatine solution, which is then allowed to drain off, any drops at 
the edges being removed by filter-paper. The plate is then set 
to dry, with the prepared side downwards, in a dust-free place. 
As soon as possible after drying it is coated with the silver 
bromide. It is extremely important that this gelatine coating 
should be evenly distributed, as the silver salt layer is very 
sensitive to inequalities ; all bubbles, striae, and such-like should 
be carefully removed from the gelatine solution before use, and 
the plate when coated should be carefully kept away from dust 
In the sensitising process the gelatine-coated plate is placed in 
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a carefully cleaned developing dish, and the silver solution 
poured over it ; the time taken in the deposition of the silver 
bromide varies with the different solutions given, but as soon 
as the edges of the plate become visible through the super- 
natant liquid, this is removed by a pipette which reaches to 
the bottom of the dish. A certain amount of fluid will still 
remain clinging to the edges of the plate, and this must be 
removed by filter-paper. The plate may then be removed from 
the dish as carefully as possible, on no account touching the 
film with the fingers, and always keeping it horizontal; it is 
then laid on the shelf of a drying cupboard which is dust free, 
and dried. After the plates have been dried, the bromide of 
silver, prepared by the second method, forms a firm layer, and 
the plate may be washed free from potassium salts. Crreat 
care must be taken at all times not to touch the film, as friction 
appears to alter the properties. 

As developer Schumann recommends Eder*s pyrogallol 
formula, which is as follows : 

I Sodium sulphite, loo grms., 

P:^ogallol, 14 grms., 

Distilled water, 500 grms., 

Cone, sulphuric acid, 6 drops. 

The pyrogallol is dissolved last of all. 

g j Sodium carbonate crystals, 50 grms., 

I Distilled water, 500 c.c. 

Q ( Potassium bromide, i grm., 

I Distilled water, 10 c.c. 

The ordinary quantities of these, which are r part of A and 
I part of B and i part of water with 4 to 6 drops of C to every 
50 c.c. of the developer, form too strong a solution. Schumann 
uses r of A and B, and from 3 to 6 volumes of water with a 
little bromide ; in actual practice 20 c.c. A, 20 c.c. B, 10 drops 
C, and 60 to 180 c.c. water. The development is exceedingly 
fast, and should be done in 100 seconds; after this the plate 

^ Eder»s Handbuch der Photogmphie, I, 225 tW. Knapp, tlalld a./S., 
1891). 
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rapidly fogs, so that after too seconds in the developer it 
should at once be rinsed in water and put into the fixing 
solution. If the density is not sufficient, the exposure has been 
too short. 

The fixing solution is a 25 per cent, solution of the ordinary 
thiosulphate of sodium. The plates prepared by the first 
method, without any gelatine in the solution, must be very 
carefully treated, especially in the fixing process, for the silver 
salt deposit is very liable to become detached ; this is not so 
likely to occur if the layer of the silver salt be made very thin 
at first. 

The washing of the plate is simple, a few seconds after 
development and one to two minutes after fixing, the plate 
being immersed in running water. (The pure silver bromide 
plate must stand in still water.) After washing the plate may 
be dried at a gentle heat. 



CHAPTER XII 

THE PRODUCTION OF SPECTRA 

Methods of Illumination. — The methods for the production of 
luminescence in substances for spectroscopic purposes may be 
divided into four classes ; namely, the flame, the electric spark, 
the electric arc, and, finally, the cathode streams (for the pro- 
duction of phosphorescence in solid substances). 

Flame Spectra. — ^The Bunsen flame itself is a convenient 
method for the production of spectra, but under ordinary circum- 
stances its use is restricted to a few more or less volatile metallic 
salts. The method of introduction of the salt into the flame is 
familiar enough to any one who has practised cliemical analysis, 
where the colours given to a Bunsen flame by certain salts are 
made use of in the scheme of work. A platinum wire is taken, and 
a small loop is made on the end ; the looped end of the wire is 
then heated to redness in the Bunsen flame to remove all traces 
of deposit therefrom — notably sodium salts from the fingers. 
The wire is heated as long as any yellow tinge is given to the 
flame ; it is best in the case of a wire which has been previously 
used to moisten the end with hydrochloric acid. When the 
wire is clean it may be dipped into a solution of the salt of the 
metal whose spectrum is required, and then put into the outer 
mantle of the Bunsen flame j at once the characteristic flame 
coloration will be produced, and this may be examined in the 
spectroscope in the ordinary way. It is best in these cases to 
use the chloride of the metal, as those salts are volatile, and 
therefore give better results. 

The metals which give the flame colorations in this simple 
way are, lithium, sodium, potassium, rubidium, and caesium; 
barium, strontium, and calcium. Some other substances give 
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flame colorations, but not of so decided a nature as to render 
this method feasible for the investigation of their flame spectra. 
It will readily be understood that the flame coloration as 
produced above is not very lasting, and so can hardly be used 
when one requires a continuous illumination. Under these 
circumstances the arrangement devised by Mitscherlich ^ may 
be employed, as shown in Fig. 131, in which the wick ^ consists 
of a bunch of very fine platinum wires or asbestos 
threads. The tube a is filled with a solution of 
the required salt, and, when the wick is put into 
the flame, a very constant coloration is produced. 

It is a great advantage to dissolve some ammonium 
acetate along with the reciuired salt; this causes 
the solution to flow better along the wick. Mit- 
scherlich recommends that i part of a concen- 
trated salt solution be mixed with 20 parts of a 
15 per cent, solution of ammonium acetate. 

Another convenient apparatus has been used by 
Eder and Valenta ; ® two metal discs, about 6 to 8 
inches in diameter, are mounted upon the same axle and 
screwed together with a ring of platinum gauze between their 
edges; this gauze projects about i inch all the way round. 
The axle of the wheel is mounted at an inclination of 45*^; 
the upper edge of the gauze projects into a powerful Bunsen 
burner, and the lower into a solution of the required metallic 
salt, placed in a shallow dish. When in use the disc is rotated 
at a uniform speed l)y means of clockwork ; this apparatus will 
give an illumination which lasts as long as there is solution in 
the dish. 

Several spraying apparatus have also been employed for 
this purpose, amongst which one may be described, namely, 
that used by Gouy.'* In this type of apparatus the salt solution 
in a state of fine spray is carried along by a current of air and 
fed into the draught holes at the bottom of a Bunsen burner. 
A diagram of Gouy’s apparatus in shown in Fig. 132, in which 

’ Po^^^, Afifi.f 116 . 499 ( 1862 ). 

* Wimer Denksch,^ 60 . 468 ( 1893 ). 

“ Ann, Chim, et P/tys,, 18 , 5 ( 1879 ). 
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b represents the spraying apparatus j this consists of two tubes, 
one inside the other. A current of air is forced in through the 
tube and the spray is carried into the vessel d \ the heavier 
drops fall to the bottom, while the air current passes through c 
and is conveyed by the tube / to the Bunsen burner. The 
liquid at e passes to the spraying apparatus through the con- 
necting tube ; the same liquid is therefore used over and over 



again, for it is only the finest particles which are carried away 
by the air stream. 

In cases where the Bunsen flame has not a sufficiently high 
temperature to give the spectrum of a metallic salt, the oxy- 
hydrogen blowpipe may be used. One of the methods of 
work with this blowpipe is as follows : A block of lime is bored 
as shown in Fig. 133, which represents it in sectional elevatioa 
The mouth of the blowpipe is pushed into the lower hole, and 
the flame coming out of the top orifice is examined. The 
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substance is put at the bottom of the boring, where the flame 
can play directly upon it. This apparatus was used by 
Lockyer and Roberts Austen,^ and by Liveing and Dewar. 
Hartley,'** who has carried out a great number of investiga- 
tions on flame spectra, 
has employed thin strips 
of cyanite as supports for 
the substance under ex- 
amination, which were 
simply held in the upright 
blowpipe flame ; also, 
when possible, the sub- 
stance is very finely 
powdered and made into 
small cylinders, which are 
held in the flame.® 

It is interesting to Fig. 133. 

note that in many cases 

banded spectra are obtained in the oxyhydrogen flame; this 
is most characteristically shown in the case of gold, silver, 
copper, magnesium, zinc, cadmium, aluminium, indium, and 
thallium. These banded spectra Hartley and Ramage^ 
attribute to the metal itself, and not to the oxide, because 
metals which are (1) easily oxidisable to non-volatile oxides, 
(2) easily oxidisable to volatile oxides, and (3) not oxidisable 
at the temperature of the flame, all give banded spectra. 
It is also interesting to note that certain groups of elements 
give bands degraded to\yards the red, e,g, copper, silver, and 
gold ; aluminium and indium ; beryllium and lanthanum ; 
while other groups give bands degraded towards the l)lue, 
magnesium, zinc, and cadmium. In connection with 
these banded flame spectra it is extremely interesting to 
compare some results obtained by Basquin® on the arc 

' Proc. So(\, 28 . 344 (1875), 

- I/ffd., 28 . 352 (1S79). 

* P/iiL IVans,^ 185 . A, pp. i6l and 1047 (1894). 

* Trails. Roy, Sos. (Dublin), II, 7 . 339 (1901). 

* Proc, Amer. Acad,, 37 . i6i (1901). 
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spectra of metals in an atmosphere of hydrogen. Basquin 
photographed the arc spectra of several metals in hydrogen, and 
obtained the same flutings as Hartley and Ramage did; this 
was especially noticeable in the case of copper and aluminium. 

It is important to notice that, generally speaking, the 
spectra of the burning gases cannot be pbtained from a flame, 
those of the products of combustion being obtained. As 
exceptions to this may be mentioned the banded cyanogen 
spectqjm in the flame of cyanogen, the Swan spectrum in the 
inner cone of a Bunsen burner, and the banded flame spectrum 
of ammonia obtained when this gas is burnt with oxygen. 

Arc Spectra. — The second means of producing illumination 
is by means of the electric arc, which brings undoubtedly a 
very much higher temperature to bear ; in making the arc with 
carbon electrodes, either an automatic feed may be used or a 
simple hand-feed instrament. In the former the two carbon 
poles are kept in contact when the current is not passing, and 
on starting the current they are separated by the action of 
an electro-magnet, and kept at a distance depending on the 
cunent strength ; these automatic instruments have certain dis- 
advantages, and are rather inclined to get out of order. The 
hand-feed instrument is a simple mounting with a rackwork 
for moving the carbons forward. This hand-feed instrument 
naturally requires attention from time to time, as the poles are 
eaten away by the action of the arc, but, except in cases of the 
plain carbon arc, its use is to be recommended. 

When the spectrum of the ordinary carbon arc is examined 
it is found to give a groundwork of a mass of fine lines, which 
belong to the Swan spectrum and to the cyanogen bands; 
furthermore, bright lines from the spectra of the various im- 
purities in the carbons make their appearance, especially iron 
and calcium, with many others. These are a source of trouble, 
and render work on the arc spectra of substances, which must 
be produced with carbon poles, very difficult. There is no 
satisfactory method of removing these impurities, so that it is 
necessary, by careful comparison, to eliminate their particular 
lines. 

The spectrum of a substance may be obtained by putting it 
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into the arc between carbon poles j this may be done in two 
ways. The first and most satisfactory is to use cored carbons, 
i.e. carbons with a central hole bored along their length, and to 
pack the hole with the substance in question. Such a packed 
. carbon is used as the positive pole, the negative pole being an 
ordinary solid carbon rod. The second method is to feed the 
substance, by small quantities at a time, into the arc; for this 
purpose it is best to make the positive pole the lower one, and 
to put the substance into the crater which is formed in this 
pole. This last method is very inclined to upset the stability 
of the burning arc, so that it flickers badly and jumps from one 
side to the other. If a metallic spectrum is being examined, 
then the arc may be made between poles of the metal itself, 
provided that the metal does not melt too easily. This method 
is most applicable to iron, and very excellent results can be 
obtained with the arc between poles of the best wrought iron ; 
steel will be found to melt much too easily. In w'orking with 
such an arc it is necessary to adjust the current to the size of 
the poles used, because, if the current be too strong, the positive 
pole will melt. 

Kayseri recommends about 10 to 15 amperes, with poles 
from I to 1-5 cm. in diameter. A carbon rod may also be 
used as the positive electrode, and as the negative electrode a 
rod of metal such as iron or copper. This method serves in 
the case of a metal which is too fusible for use for both poles. 
Again, one can use a cored Cixrbon with a metal rod in the 
centre, as described above. On account of the incandescence 
of the poles of an arc, which produces a considerable amount 
of continuous spectrum, it is very advantageous to use the arc 
in a horizontal position j of course, this cannot be done w'hen 
salts or such-like arc to be fed into the crater of the positive 
pole, but when work is being done with the arc between cored 
poles or between two metal poles, it will be found to give much 
better spectroscopic results. I have used for a long time as a 
standard of measurement the spectrum of the iron arc as 
obtamed between two horizontal iron poles ; in certain experi- 
ments tlie necessarily heavy currents tend to melt the poles, so 
JTtxndhueh der Spectroscopic^ vol, i. p, 1C9. 
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that they bum away unevenly, causing considerable jumping 
on the part of the arc. The method has been adopted, there- 
fore, of rotating the two poles in opposite directions, which 
keeps the melted iron and iron oxide in a central position ; in 
this way a perfectly steady arc is obtained with the heaviest 
currents. The apparatus is shown in Fig, 134. 

Two exactly similar cast-iron pillars, a and b, are bolted 
upon the cast-iron bed-plate r, a vulcanite sheet being inter- 
posed for purposes of insulation. At d and e these pillars are 
bored with i-inch holes, into which brass cylinders accurately fit; 
the same is true at f and with this difference, that here a 



vulcanite insulation is inserted between the brasses and the 
cast-iron pillars. Each of these four brasses is bored with a 
“inch hole, in which slip —inch steel rods, which thus form the 
bearings. The steel rod which runs the whole length, is the 
driving-shaft of the instrument ; small collars are mounted at / 
and k to prevent any lateral shifting. The two steel rods I and 
7 }i of the upper bearings also each carry two collars to prevent 
side shift, and on these rods are mounted the two wrought-iron 
poles n and 0. These poles may be renewed at any time, as 
they are only brazed on to the steel rods ; when new ones are 
put on they are turned up in a lathe so as to be perfectly tme. 
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In order to take up the wear caused by the burning of the 
poles dunng the working of the arc, the brass at d is made 
long, so that it can be slipped forward when required j it can 
be fixed m any position by the set-screw. Grooved pulley- 
wheels, 4 inches in diameter, are mounted on the steel rods, 
and of these r and s, t and u are connected by gut bands, one 
of which is crossed, in order to cause the poles to move in 
opposite directions. The pulley at v is connected by a gut 
band to a Henrici hot-air motor or some similar small engine. 
The current is supplied by wires to two binding screws on the 
pillare a and b. In order to start the arc the motor is set 
working, and then the brass at a is pushed forward until the arc 
starts, when it is slowly moved back until the arc works well. 
It is best to start the arc with a current of not more than 8 
or 10 amperes, which is quite sufficient for all ordinary work, 
putting on a stronger one a short time after if required. The 
arc works best when the poles have got hot. A current of 
25 amperes can be sent through the arc, using ^inch or 
f-inch poles, without any attention beyond occasional feeding. 
If the poles get too hot they will bum too fast, producing 
showers of sparks. This may be prevented to a great extent 
by dropping water upon the poles about an indi from their 
ends. 

Livemg and Dewar ‘ have used the arc enclosed in a block 
of lime or similar substance ; a cubical block is taken with four 
horizontally bored holes at right angles to one another, and one 
vertical hole to the junction of the four horizontal borings. 
Through two opposite horizontal borings two carbon rods are 
pushed to form the arc, through a third any gas may be intro- 
duced, and the arc is examined through the fourth ; down the 
vertical hole solids may be fed into tlie arc. An arrangement 
has been used by Crew and Tatnair-*in which a rapidly re- 
volving metal disc forms one electrode. This disc is mounted 
upon the armature of a small electric motor, and carries, fixed 
around its periphery, small pieces of the metal to be examined. 
The other electrode is a piece of the .same metal mounted on a 

* Proc . Kuy . Soe ., 28 . 352 (1879). 

* Phil . Mag . (5), 88. 379 (1894). 
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fine-cut screw, to allow its position to be accurately adjusted. 
In practice the motor is started and the current turned on, and 
then the second electrode is slowly pushed forward until it just 
touches the projecting pieces of the rotating disc. In this way 
the arc is spread out fan-wise in a very convenient manner 
for spectroscopic examination. An alternating current of loo 
volts was used, and the current strength varied from 2 to 10 
amperes. 

Fabry and Perot, in their work on the absolute wave-length 
of certain metallic lines by means of interference methods, 
employed an apparatus w'hich they called a trembleur.” ^ 
This consisted of two metal pole pieces, one of which was fixed 
and the other mounted on a spring which was kept oscillating 
by means of an electrd-magnet ; every time the poles touched, 
the arc was started between them. The whole apparatus was 
placed in a vacuum. 

Mention must also be made here of the Arons mercury 
lamp, as well as the cadmium lamp used by Hamy and by 
Michelson. Arons has devised two 
forms of mercury arc lamps, the 
latter of w'hich is shown in Fig. 135, 
w^hich consists of an inverted U tube, 
B, with a platinum wire sealed in at 
each end at m and n. Two bulbs 
containing mercury are melted on 
outside the ends of the tube B, and 
the two connections are made with 
the mercury in the branch tubes as 
shown. The two limbs of B are 
filled with mercury, and when it is 
required to start the lamp the current 
is turned on and the lamp is shaken 
or tipped until the two mercury sur- 
faces come momentarily into contact It should be remarked 
that the tube B is completely exhausted. A large current 
should not be used, as the lamp becomes too hot ; cooling it 

1 Compies ^ rencius , 180 . 406 (1900). 

® med , Ann .^ 47 . 767 {1892) ; and fi8. 73 (1896). 
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in water causes a condensation of mercury upon the walls of 
the tube so that no light can escape. Lummer has modified 
the apparatus so as to overcome this defect 


Barnes ^ has devised a very convenient form of lamp, which 
is shown in Fig. 136. Through the neck L) of the globular 
vessel A, which is about 

800 C.C., passes the iron C 

tube E, of diameter 13 mm. 

Along the centre of this 

passes the porcelain tube ^ \ 

8 mm. in diameter. This / p. 

porcelain tube is connected \ |-r|-| ® 

with a glass tube, which in V E j 

turn is connected with a \ y 

large rubber tube. Mercury 

fills the space between the ^ 

porcelain and iron tubes, as 

well as the porcelain, glass, 

and rubber tubes attached. 

The electric poles are at- ^ 

tached one to the iron tube g 

E and the other to the 


mercury in the porcelain tube F. The opening B is closed 
by a glass plate, and the whole bulb is exhausted through 
C. By raising the mercury column until a drop flows over 
into E the arc is started, and any further adjustments are 
easily carried out by raising or lowering the mercury column. 
Barnes employed with this apparatus a current of 4 amperes 
at no volts, and found that, although mercury was deposited 
all over the walls of the apparatus, none reached the window 
at B. 


Hamy“ emi)loyed a cadmium lamp, which consisted of a 
Pliicker vacuum tuU^ with outside electrodes, and contained a 
small quantity of cadmium. The tube was of glass, 20 mm. in 
diameter and 130 mm. long, with a centre capillary portion. 
A few centigrammes of cadmium were inserted, and the tube 

' Astrophys. Journ.^ 19 . 190 (X904). 

* Cofnptcs rmdus, 124 . 749 (1897). 
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was then heated to about 300° C. and thoroughly exhausted ; 
the tube was then sealed. Each end of the tube was covered 
by a brass cap packed with powdered graphite, which adhered 
to the glass and formed the electrodes. The whole was 
suspended in a copper tube somewhat larger than the vacuum 
tube, and outside the copper tube was a copper trough, which 
was heated by a row of Bunsen burners. 

Spark Spectra. — The third method of illumination is by 
means of the sparks from an induction coil. The sparks from 
the coil are caused to pass between small poles of the sub- 
stance, and usually one or more Leyden jars are placed in 
parallel with the sparking apparatus in order to obtain a con- 
densed discharge. 

In using these induction coils it is perhaps not superfluous 
to point out that considerable damage may be effected by 
careless treatment. This refers in particular to the platinum 
contacts on the contact breaker or interrupter. In the larger 
size of coils there is always a tension screw provided, acting 
upon the lower end of the spring of the hammer. It is 
important that the adjustment of the sparking length should be 
made by means of this tension screw and not by the adjusting 
screw carrying the platinum contact. In starting a coil the 
tension screw should be screwed in so as to entirely free the 
spring, then the upper or adjusting screw should be so set that 
there is about T^inch clearance between the platinum contacts. 
When this has been once adjusted it should not on any account 
be altered, except when the platinum contacts require repairing. 
When using the coil it is only necessary to unscrew the tension 
screw until the required spark length is obtained. 

The interrupter belonging to the coil may, of course, be 
replaced by a mercury break or by a Wehnelt interrupter, or 
an alternating current may be directly employed. 

The induction coil is used both for the production of the 
so-called spark spectra of substances, when the sparks are 
made to pass between two metal points or between a platinum 
point and a solution of a salt or some similar arrangement, and 
also for the discharge through gases which are usually under 
reduced pressure. In the former cases one or more Leyden 
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jars are put into the secondary circuit in parallel with the dis- 
charge points ; the eifect of this is to reduce the electromotive 
force and increase the quantity of electricity in the discharge, 
and at the same time to make the discharge oscillatory. 
For the discharge points short pieces of pointed rods may be 
used which, if necessary, may be soldered on to stout copper 
wires; these rods or wires may be held in some form of stand 
so arranged that the spark length may be varied ; the spark 
may be made to pass vertically or horizontally as one wishes. 
The size and number of Leyden jars depends entirely upon the 
size of coil used, and no definite relation between them can be 
given ; one simply uses sufficient jars to give the best result. 

When the spark spectra of metallic salts are required, these 
may be obtained by passing sparks between carefully purified 
porous charcoal points which have been boiled in an aqueous 
solution of the salt. These were first used by Bunsen,^ who 
took small cones of wood charcoal ; these were purified by first 
of all heating to whiteness when surrounded with powdered 
charcoal, and then by boiling successively with hydrofluoric, 
nitric, and hydrochloric acids, care being taken to thoroughly 
wash them between each boiling. The cones were allowed 
to dry, and then boiled in an aqueous solution of the salt 
required. 

Another way is to cause sparks to pass between a platinum 
wire and a solution of the required salt. Two apparatus designed 
for this are shown in Fig. 137 at a and h ; the design a is due 
to E. Bccquercl,“ and the other, to Delachanal and Mermet.-* 
In both cases platinum wires are used, and the solution is put 
in connection with the negative pole ; in the apparatus h the 
platinum wire is surrounded by a glass cone, and the solution 
does not reach up to the wire, but ascends by capillary attrac- 
tion. Still a third way has been used by Hartley, ^ which is 
shown in Fig. 138 ; the two electrodes are made out of graphite, 
and are cut to a chisel shape. The lower electrode has grooves 

^ PhiL (4), 60. 417, and 527 (1875). 

* Comptes rmdiis^ 66. 1097 (1867) j 66. 121 (i868). 

» /buL, 81. 766 (1875). 

" PhiL 'Trans,, 176. A, 49 (1884). 
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cut in it, and is placed in a U-shaped tube filled with the salt 
solution, which then mounts up the grooves by, capillary attrac- 
tion. Both electrodes are connected by means of platinum 
wires to the current leads, and are set with the chisel edges 



^ 37 . Fig. 138. 


parallel to one another and to the axis of the collimator tube, 
so that any wandering of the spark along the edges of the 
electrodes produces no displacement in the image thrown upon 
the slit. 
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It must be remembered that under ordinary circumstances 
the air spectrum lines will be obtained mixed with the lines of 
the metallic spectrum when the spark passes between metal 
poles in air. The relative brilliancy of the air and metallic 
lines obtained in this way depends entirely upon the volatility 
of the metal ; with platinum poles the air lines are very much 
stronger in relation to the metallic lines than they are in the 
case of zinc and such metals. It is necessary, of course, to 
eliminate these lines in working with the spark spectra, and this 
may be done very readily by taking a photograph of the 
platinum or silver spark spectrum (when the air lines are strong) 
and comparing it with the photographs taken of the metal in 
question; the lines common to the two will be the air lines, 
and these can thus be eliminated. In the measurement of 
wave-lengths the air lines often prove of considerable advan- 
tage ; their wave-lengths have been accurately determined by 
several observers, and thus they may be used as test lines in 
the c<pci^rison of the unknown spectrum, the standard spectrum, 
and Jjle spectrum to be measured ; the air lines are picked out 
an(j their wave-lengths determined by measurements from the 
stahOtiTCl spectrum, and if they are found to be correct, then 
oh^ can assume that the two spectra are correctly placed in 
reHition to one another {vide p. 138). 

We arc indebted to Hartley ^ for an exhaustive study of the 
spark spectra of substances, and bis conclusions upon the spark 
spectra of the metals and of their salts may well be quoted. 

In the case of carbon or metallic electrodes, when these are 
moistened with water the short lines are lengthened.'** 

With very few exceptions the non-inetallic constituents of 
salts do not affect the spark spectra of solutions. 

Insoluble and non-volatile compounds do not yield spark 
spectra. 

Solutions of metallic chlorides give spectrum lines which 
are identical in number and position with the principal lines of 
the metals. 

Short lines become long, but otherwise their character is 

» Phil, Tram,, 175, 1, 49 (1884). 

^ See Chapter XIll., p. 436, 
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identical whether the spectra are produced by metallic electrodes 
or solutions. 

The effect of diluting solutions of metallic salts is first to 
weaken and attenuate the lines, then with further dilution to 
shorten them, the length of the longest and strongest lines 
generally decreasing until they finally disappear. 

The Mechanism of the Spark. — Before leaving the subject 
of spark spectra, a few words may be said upon some recent 
work in this direction ; a full description would be far beyond 
the scope of this book, but it is necessary that mention be 
made of present time researches so that it may be seen 

in which directions they are proceeding. Three of these 

especially may be briefly described: ist. The study of the 
mechanism of the spark ; 2nd, the spark under liquids ; and 
3rd, Lockyer’s enhanced lines. The first work in connec- 
tion with the mechanism of the spark that concerns us is by 

Schuster and Hemsalech,^ On the Constitution of the Electric 
Spark,” who studied the mechanism in the following way: 
Instead^ of a stationary photographic plate they employed a 
film which was moving at the rate of from 90 to 100 metres per 
second in a direction perpendicular to the spectrum lines ; in 
this way it became possible to detect how the spark passes. It 
was then found on taking such a photograph of a spark that the 
air lines appeared peifecdy straight, showing that the duration 
of this portion of the discharge was very rapid compared with 
the motion of the moving plate. They further found that the 
metal lines were due to oscillatory discharges, and were all 
curved so that they must start from the electrodes and travel 
with decreasing velocity towards the centre, the speed being 
calculable from the curvature of the lines j also it was noticed 
that this metallic discharge takes place after the discharge 
through the air. The mechanism thus is evidently as follows : 
The spark first passes extremely rapidly through the air, a single 
discharge ; this vaporises the metal, which then spreads across 
the spark gap, conveying the current. The velocity of travel 
of the metallic vapour varies with different metals from 1300 to 
400 metres a second, and appears to be quicker with metals of 
» Trans, y 198 . A, 189 (1900). 
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low atomic weight, but it varies for different lines of the same 
metal. 

Schuster and Hemsalech also investigated the effect of 
introducing self-induction into the circuit, and they found that 
the air lines then disappeared from the spectrum, if the self- 
induction were great enough. This part of the work has been 
continued by Hemsalech,^ who found that, in addition to 
removing the air lines from the spectrum of the spark, the self- 
induction also caused certain new lines to appear, and rendered 
the spectrum lines generally much narrower ; he was able, for 
instance, in the case of hydrogen under atmospheric pressure, to 
obtain the spectrum lines as sharp as they are obtained in a 
vacuum tube. This narrowing of the lines produced by the 
introduction of self-induction in the circuit is of considerable 
use in certain cases, especially in work upon the Zeeman effect, 
when, of course, for the best resolution it is necessary to have 
the spectrum lines as fine and narrow as possible (see p. 457). 
A self-induction coil may be made quite readily by winding 
wire round a bobbin, the coil being put direct in ^e circuit. 
Hemsalech in some of his experiments used a coil 50 cm. long, 

5 cm. internal diameter, containing eight layers of wire each 
consisting of one hundred and fifty turns. 

Schuster and Hemsalech’s work on the mechanism of the 
spark has been taken up again by Schenck,'-* who has obtained 
some very interesting results, but which are at present rather 
inexplicable. Schcnck investigated the action of self-induction, 
particularly in the case of the spark spectrum of cadmium. 
The apparatus consisted of a large induction coil fed with an 
alternating current, and a spark length was obtained of from 

6 to 8 mm. with six one-gallon Leyden jars in the circuit. The 
period of the condenser was found to be 1*3 X 10 sec,, 
and each spark consisted of ten or twelve complete oscilla- 
tions, A large size Rowland grating was employed for the 
spectrum photographs. The cadmium spectrum was examined 
between the limits of X = 3700 and X == 2100, and it was found 
that the lines may be divided into three groups : A, B, and C. 

^ Comptes 129 . 2S5. 

® xlstrolhys, Joum,, 14 . ii6 (1901). 
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Group C consists of one hundred and forty lines about 0*3 A.U. 

e with hazy edges ; they resemble air lines, but are absent 
rom ot er spark spectra. They extend only about 2 mm. 
rom le poles, while the remaining lines extend right across 
e spark gap. They disappeared when the condenser period 
was raised to 17 x io“-® secs, by throwing in self-induction. 

St y, they are not present in the arc spectrum, and are not 
revise . A similar group was found in the spectrum of zinc. 

roup B contains most of the remainder of the lines 
nown as “ spark lines,” that is, lines prominent in the spark 
and weak in or absent from the arc. They are not reversed; 
when the condenser period is increased to 75 x io~° secs, 
some of these lines disappear and the others shorten up to the 

poes, while the rest of the metallic lines extend uniformly 
across the spark gap. 

The lines of group A are the so-called “arc lines,” that is, 
ose lines common to the arc and spark, their intensity being 
genera y greater in the arc. They thus form a spectrum 
simpler than that of the arc, and the effect of self-induction is 
to make the spectrum of this group more complicated and 
approach that of the arc. The greater the period of the 
enser the nearer is the approach to the arc spectrum, 
ese lines extend right across the spark gap when the 
con enser period is great enough to shorten the lines of group 
^ close up to the poles. They undoubtedly are due to 

ummous metallic vapours extending across the entire spark 
gap. 

S^enck also investigated the appearance of the spark in 
a rapi y revolving mirror. The appearance of the spark under 
these conditions presents three general features. First, a 
dnlliant white straight line due to the first discharge, sometimes 
follow^ by one or two weaker straight lines at intervals of 
condenser penod. Second, curved lines of 
light which shoot out from the poles towards the centre with a 
contmually diminishing velocity; when a streamer advances 
from one pole, the other pole is quite dark. Third, a faint 
ight, generally of a different colour from the streamers, which 
tills up the spark gap and persists for a certain length of time 
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after the oscillations die out. Now, the air lines are produced 
by tlie first straight line discharge, as Schuster and Hemsalech 
have already shown; the origin of the other lines (groups 
A and B) Schenck discovered by observing the spark in a 
rotating mirror, set at one time with its axis perpendicular 
to the spectrum lines and at another time parallel to them. 
From measurements of the plates the following times of 
duration of certain lines were calculated : — 



Wave-length. | 

Character. 

Duration. 

Magnesium 

}i 

99 

99 

4481 

38381 

|a 


Strong spark line 

Strong arc triplet i 

24 X 10-“ secs. 

4 S X 10- « „ 

Zinc 

99 

99 

49251 

49 l 2 j 

1 4811I 

4722J 

[ 

[ 

" 

Strong spark lines 

Strong arc lines 

14 X 10 secs. 

; 24Xio~ « „ 

Cadmium 

)} 

48OOI 

4678/ 

4416 

Strong arc lines 
Strong in spark 

36 X iO““® secs. 

; 18 X io~“ ,, 

1 


If anything, in this table the duration of the arc lines are 
underestimated ; it is clearly shown how much longer the arc 
lines last than the spark lines. Schenck further found that the 
spark lines or those belonging to group B arc due entirely to 
the curved streamers in the spark, but some of the spark lines 
are only to be found in the first few streamers. The lines of 
group A or the arc lines are partly due to the streamers, but 
a large part of their luminosity is due to the glow which 
persists throughout the si)ark gap after the streamers cease. 
This glow is undoubtedly due to metallic vapour distributed 
over the spark gap. Schenck is of the opinion that the curved 
streamers do not carry the current, because an examination 
of the photographs shows that the streamers travel with a 
continually diminishing velocity, and that before they have 
reached halfway across the spark gap the whole discharge 
has passed and the return oscillation is beginning. It is 
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also of importance to note that these streamers start from 
the negative electrode. For the velocity of the streamers 
Schenck obtained an initial value of 2 '5 km. per second, in the 
case of the magnesium line at X = 4481, which falls to about 
17 km., about a millimetre out from the pole. 

Mohler^ has photographed the spectrum of the spark 
looking at it end on, in order to see if the rapidly moving 
particles in the streamers caused any displacement in the 
position of the lines in the spectrum on what is known as the 
Doppler effect. The electrodes were of different metals, and 
a^ photograph was taken looking along the spark in one 
direction, and then without disturbing the plate the spark was 
rotated through 180® and a second photograph taken. In this 
way the effect, if any, would be doubled, as at the one time the 
particles would be moving towards the slit and at the other 
time away from the slit. The actual effect that was observed 
was very small, corresponding to a velocity of o‘37 km. per second 
for the lines of aluminium at X = 3961 and X = 3944; an 
actual displacement of the lines of o-i A.U. was observed on 
the plates. The displacements with certain iron lines were 
slightly smaller, as also were some magnesium lines. The 
cadmium Imes at X = 4078 and X = 4800 gave a slightly 
greater velocity. The line which gave Schenck a velocity of 
2 S ^tn. per second could not be measured properly, as it was 
too wide and shaded. Doubtless, however, only an average 
velocity was observed, since according to Schenck the velocity 
falls to two-thirds of its initial value at i mm. from tlie slit, 
It being extremely difficult only to photograph the spectrum 
of the very commencement of the spark. Mohler noticed a 
very interesting result in the fact that when the particles were 
leaving the slit the lines of magnesium at X = 2795, X = 2802, 
and X = 2852 were strongly reversed, just as the last line is 
reversed in the arc; this was not observed when the particles 
were approaching the slit. 

The Aic and Spark Discharge in Liquids.— A second 
rection - in which important and interesting work is being 
earned out is in the way of electric discharges under the 
^ Asiroj>hys.J(mni,^ 16 . 125 (1902). 
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surfaces of liquids, both arc and spark discharge having been 
investigated* That the electric arc could be made to bum 
under water was first noticed by Humphry Davy^ in 1802; 
Masson, 2 in 1851, experimented with the arc .under different 
liquids, but only found a continuous spectrum. Liveing and 
Dewar, ^ using carbon poles under water, observed the bands 
of the Swan spectrum, but none of the cyanogen bands, even 
though the water contained ammonia or potassium nitrate. 
Recently an investigation has been carried out by Konen^ on 
the spectra obtained by burning the arc with poles of various 
substances under various liquids. For the maintenance of the 
area continuous current was used of 60 amperes at 72 volts, 
or 20 amperes at 220 volts, and the electrodes were placed in 
a deep glass basin with a quartz window. A quartz lens 
focussed the rays upon the slit of a spectroscope with a grating 
of I metre focus. For the electrodes copper, iron, brass, or 
carbon was used, and a great many liquids were tried. A 
great deal of trouble was met with, because the electrodes 
rapidly disintegrated, except in the cases of organic liquids, 
when graphitic carbon was deposited upon them. The liquid 
was in this way rendered muddy very quickly, but this difficulty 
was overcome by having a tube, open at both ends, reaching 
from the arc to the quartz window ; into this tube by a side 
branch fresh liquid was continuously supplied. In all cases a 
continuous background to the spectrum was obtained, reaching 
to X = 3600, while certain metallic lines were seen, namely, the 
calcium lines at X =3934 and 3969, and also the aluminium 
lines at X = 3944 and 3962 ; the D lines of sodium were also 
present, but always as absorption lines. The following metallic 
spectra were examined : iron, copper, and brass, also calcium, 
barium, sodium, potassium, lithium, and thallium, and these all 
gave bright line spectra. In no case were any banded spectra 
seen. The lines generally were sharper than in the case 
of the arc in air, their intensity less, and there were fewer 

* Joum , Roy , I / ts /,, 1. 165 (1802). 

® Ann , Chim , et Phys , (3), 31. 295 (1851). 

* Proc , Roy , Sor ,, 84. 123 (1882). 

* IVicd , Ann , {9), 4. 742 (1902). 
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self-reversals, so that this method is to be recommended for the 
study of metallic spectra. The nature of the surrounding liquid 
has no influence upon metallic spectra, except in cases of 
certain concentrated salt solutions of the metals barium and 
calcium, when the strongest lines of the dissolved metals make 
their appearance. The metallic spectra can, however, be 
obtained if cored carbons containing metallic salts be used. 

In the case of carbon electrodes the surrounding liquid has 
of course a great influence. Under ordinary circumstances, in 
the carbon arc the four cyanogen bands are obtained, with their 
heads at A. = 4606-33, 4216*12, 3883*55, and 3590*48, but if 
the carbon rods are well heated first and then the arc is made in 
water which has been previously well boiled, these four bands 
are invisible, and only the Swan bands can be seen. A very 
small quantity of air blown into the water at once gives the 
cyanogen bands ,* their invariable absence when no nitrogen is 
present in the liquid and their appearance in the presence of 
nitrogen conclusively proves the origin of these bands to be 
cyanogen. Konen endeavoured to settle the disputed question 
of the carbon bands ^ in the same way; he heated the carbon 
rods in vacuo to remove every trace of air, and then made 
the arc under the surface of well-dried liquids containing no 
oxygen. In all cases, however, were the Swan bands seen. 
These last experiments do not seem to me to be in the least 
conclusive, because, although the carbon electrodes were 
deprived of their oxygen in vacuo, they were, after cooling, 
t^en out into the air and then put into the liquid. In the 
time taken by the transference quite sufficient air would have 
accumulated to give rise to a small quantity of carbon monoxide 
in the arc. The readiness with which carbon absorbs oxygen 
compared with the absorption of nitrogen would account for 
the fact that it is more easy to get rid of the cyanogen bands 
than the Swan bands (always, of course, supposing that the 
latter are due to carbon monoxide). Konen, in his paper, 
states that the entire absence of oxygen could not be 
proved. 

Whether they are due to the element carbon or to carbon monoxide, 
see p. 444. 
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As regards the spark discharge in liquids, Wilsing * was the 
first who obtained any practical results in this direction ; he 
employed electrodes of different metals, and made the spark 
from a large induction coil to pass between them under water. 
A spark gap with electrodes of the same metal was placed in 
series, and photographs of the two spectra were simultaneously 
taken upon the same pkite. He found that in the case of the 
spark underwater considerable broadening and shifting of the 
lines to the red took place, also a considerable number of 
reversals. Wilsing explained the shifting of the lines as being 
due to the pressure effect as investigated by Humphreys and 
Mohler (see p. $3®) > actual effects he obtained varied 
from 6 A.U. with zinc to 1 A.U. with iron, and nothing with 
platinum. 

Hale,“ ill 1902, investigated the particular case of iron 
electrodes in water and salt solutions, and fomid that a part of 
the iron spectrum Avas reversed; further, that the reversals tend 
to increase in number and intensity Avith (i) the length of the 
auxiliary spark gap in air (placed in series with the spark 
in water) j (2) the diameter of the electrodes ; (3) the capacity 
of the condenser; (4) the pressure of the water; (5) in salt 
solutioiAS with the strength of the solution. With a 9*5 per 
cent, solution of barium chloride almost all the spectrum can 
be rever-sed ; certain shiftings of the lines were observed also in 
certain groups. Lockyer* al.so has made investigations in the 
same field, using various metals as electrodes in ijurc water. 
Iron, zinc, magnesium, silver, lead, and copper electrodes were 
tried, but only the first three showed any reversals. The 
phenomena noticed may be divided into three cla.ssc.s: (t) 
broadened bright linos, Avell shown in the copper spectrum, the 
linos being stronger on the blue side and hazy toAvards the red ; 
(2) broadened bright lines, with central absorption well sboAvn 
byline at A, = 4063-76 in the iron spectrum; (3) broadened 
bright lines, with non-symmetrical absorirtion (maximum of 

' Seri. Sen (1899), 426; teaCi Aelrephys. Journ., 10. 113 (1899). 

* Astrojihys. Jimrn., 8. 114(1896). 

* Ibid., 16 . 13a (1902). 

* Proc. Roy. Soe., 70. 31 (1902) ; anil AstroHtyo.Journ., 16. 190(1902). 
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emission towards the red), also best shown by several iron 
lines. 

Konen ^ in his paper gives the results of a series of observa- 
tions he has made with many metals in a great number of 
liquids. He investigated the brush discharge and also the 
condensed and uncondensed spark discharge, using a coil 
capable of giving a spark of one metre long in air. The 
brush discharge was found to be too faint to be spectro- 
scopically investigated, while the uncondensed spark gave 
weak lines upon a continuous background ; the latter gave the 
Swan spectrum in carbon containing liquids. When a con- 
denser is intercalated in the secondary circuit the whole effect 
is altered j the intensity of the continuous spectrum is increased, 
it being possible with two carbon electrodes to get it absolutely 
continuous. The surrounding liquid has just as little influence 
as in the case of the fluid-enclosed arc. As regards reversals, 
Konen was not able to repeat Hale’s results with the solutions 
of salts, and in the case of 9*5 per cent, barium chloride 
solution no reversal was seen; there is thus a considerable 
difference between the effect of the discharge produced by an 
alternating current as in Hale’s case and one from an induction 
coil. Konen, however, agrees with Wilsing’s results, for he 
found bright and dark lines together, and was not able to 
obtain all the lines bright or all reversed. Konen considers 
that Lockyer’s reversals were nearly all self-reversals, as they 
were dark lines on a bright ground, while the truly reversed 
line is black upon a faint continuous background ; Lockyer* s 
results, therefore, must be due to a different phenomenon. 
Konen also observed a shifting of the lines towards the red 
comparable with that found by Wilsing; in the ultra-violet 
from X = 2755 to X = 2606 the lines were displaced about 
2 A.U. towards the red; with lines of greater wave-length the 
shift was less. 

Lockyer’s Enhanced Lines. — ^A third very important field 
of work which has recently been opened up is that of the 
enhancement of certain lines in the spectra of certain elements 
when passing from the arc to the spark discharge. It has long 

' Loc, cit^ 
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been known that the spark spectrum is generally simpler than 
the arc spectrum of an element, and there are generally Unpg 
m the spark spectrum which are brighter than they are in the 
arc spectrum. If the spark be increased in intensity, these 
lines are still more enhanced relatively to the others, so that a 
final result is conceivable of a spectrum containing only these 
OThanced lines. We are entirely indebted to Lockyer for the 
mvestigation of these lines and for the discovery of their 
coincidence with many of the lines in the spectra of the stars. 
In 1879* and 1881® Lockyer observed the effect of high 
tension discharge upon the line spectra of metals, and noted 
certain lines which were brightened in passing sparks through 
a flame charged with the vapour of a metallic salt, and also 
the lines brightened on passing from the arc to the spark 
as a means of producing spectra. Two iron lines, of wave- 
lengths X = 4924T and X = 5018*6 respectively, are especially 
enhanced in this way. Lockyer has throughout considered 
that the passage from the arc to the spark discharge means 
a great increase of temperature, and that these enhanced 
lines are due to an enormous temperature developed in the 
spark. In a later paper » he gives seven enhanced iron lines, 
and feels justified in concluding tliat these would constitute the 
spectrum of iron in a space heated to the temperature of the 
spark and shielded from a lower temperature. Lockyer thus 
^tinguishes between four different types of spectra ♦ as follows, 
iron being quoted as an example : — * 

(1) The flame .spectrum, consisting of a few lines only, 
including the well-known triplets and many strong lines in the 
ultra-violet. 

(2) Ihe arc spectrum, consisting of some thousand lines. 

(3) spark spectrum, differing from the arc spectrum in 
the enhancement of some of the short lines and the reduced 
brightness of others. 

(4) A. spectrum consisting of the lines which are intensified 
in the spark, and which would only be seen at the 1 highest 
temperature. 

* Proc. Jioy, Soe,^ 80 . 22 (1879). 

’ 60 . 475 (1897). 


2 Ilnd., 32 . 204 (1881), 
* //w/., 61 . 148 (1897). 
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A great number of substances have been investigated 
for their enhanced lines, and the wave-lengths of some few 
have been published. The apparatus used in the earlier work 
consisted of a lo-inch spark Apps coil with large Leyden jars, 
the spectra being photographed with a prism apparatus; the 
enhanced lines of iron, calcium, and magnesium were obtained in 
this way. In a later paper ' are given the results obtained with 
much larger apparatus; the Spottiswoode coil was used, giving 
a 42-inch spark, and a condenser of from a single gallon jar 
to twelve 15-gallon jars was used; later a plate-glass condenser 
of 30 square feet surface was substituted. The spectra were 
photographed with a large Rowland grating, and the wave- 
lengths are given of the enhanced lines of aluminium, bismuth, 
chromium, copper, iron, magnesium, manganese, titanium, 
and vanadium. Some additions to the list of enhanced lines 
of copper have quite recently been given by King,‘‘* and also 
to those of titanium, iron, and nickel by Reese.^ 

It is difficult to see why the temperature of tire spark 
should be considered to be so enormously hotter than that 
of the arc. Apart from any other reason, the spark has by 
no means such a powerful heating action upon the electrodes 
as has the arc. That the simpler spectrum of the spark may 
be due to a simpler form of matter, as assumed by Lockycr, 
is very probable, but it by no means follows that temperature 
is the factor which aids this dissociation. It seems not im- 
probable that we may seek the origin in the enormously rapid 
change of electric stress, if one may so speak, known to occur 
in the spark discharge. Modern theories attribute spectrum 
lines to the vibrations of single electrons or single groups of 
electrons belonging to the atoms. Radioactive phenomena 
show that electronic motions are probably independent of 
temperature, which is a molecular or atomic phenomenon. 
If, therefore, a change of condition produces a change in 
a line spectmm, this change must be due to other causes 
than temperature; possibly it may be due to different 

^ Proc, Roy, Soc., 66. 452 (1899). 

® Asirophys, 20. 21 (1904). 

® Ibid,^ 19. 322 (1904). 
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exciting causes in the spark. Still, the evidence seems in 
favour of an actual dissociation, and we must take this into 
consideration. 

Up to the. present, all the radioactive substances have been 
those of high atomic weight, and therefore possibly might be 
expected to be more unstable. It is by no means impossible 
that elements of lower atomic weight should become radio- 
active, if only by the application of some external force they 
were made unstable. Can it not, tlierefore, be imagined that, 
under the great stress undergone in the spark, an element, 
usually quite stable, should] become radioactive, and break 
down in similar ways to radium and the others ? Can we not 
have a condition of “ assisted radioactivity ” ? Certainly on 
these lines we may explain several very curious phenomena. 
First, we may attribute Lockyefs enhanced lines to the 
products of radioactive degradation of the elements ; thus his 
protocalcium is one of the products from calcium, produced 
not by enormous temperature but by a simple radioactive 
change. The beautiful results obtained by Lockyer in the 
application of this work to the stars are in no way altered, 
except his conclusions as to stellar temperature. 

The stars considered by liOckycr to be extraordinarily hot 
may or may not be so ; all wc can say is, that they consist 
of protocalcium, etc., as the case may be. Whether these sub- 
stances in the star have actually been derived from calcium, 
etc., or whether they have not arrived so far in their life 
history is another matter. Second, the extraordinary results 
obtained by Schenk may be explained on this hypothesis ; in 
his work he found evidence of particles ^ shot out with great 
velocity from the electrodes, when the spark was passing. 
Here we have perhaps a visible sign of the radioactive process, 
corresponding to the a particles in the case of radium. It is 
true that the velocity noted by Schenk is very much lower 
than the a radium particle, it apparently being about 2-3 
km. per second, but this does not necessarily condemn 
the hypothesis. Lastly, perhaps herein lies the explanation 
of the results obtained upon the passage of the S[)ark 
* See p. 380. 
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through oxygen, when it was found that light and heavy frac- 
tions of this gas could be obtained.^ Experiments are at 
present in progress (December, 1904) to put these views to the 
test. 

The Spectra of Oases. — The production of luminescence 
in gases is very different from the previously described methods, 
and is a process requiring very careful handling on account of 
the fact tW the presence of but small quantities of impurities 
may entirely disturb the result. As a general rule gases are 
illuminated by the passage of the discharge from an induction 
coil through them, when under reduced pressure. The preparing 
and filling of the vacuum tubes must necessarily be coupled 
with certain precautions for the removal of contaminating 
influences, because the quantity of gas in each tube is so small 
that minute amounts of impurities have a great relative im- 
portance. Certain investigations have been made upon the 
spectra of gases at ordinary atmospheric pressures j sparks 
from an induction coil are passed between platinum wires in 
the gas, some form of tube being used as is shown in 
^39* The gas is enclosed over mercury in the 
I—, tube a, which has two platinum wires sealed into the 
glass, between which the sparks pass. As will be 
3 explained more fully later, certain gases give different 
spectra according to whether or no a Leyden jar is 
put in the circuit; the condensed or uncondensed 
spark is therefore employed as may be required, but 

1 I the latter case the discharge should not be suffi- 

Fig, 139. ciendy strong to heat the electrodes red hot. 

By far the most general method is to submit tlie 
gases under reduced pressure to the action of the discharge. 
Various shapes of tubes have been employed, of which the 
most useful are shown in Fig. 140 at a, b, and c. 

The tube shown at a was first designed by Pliicker, who 
found that when a capillary tube is placed between two wider 
portions the brilliancy of the illumination was enormously 
increased in the narrow portion. The forms b and c are so 
arranged that the glowing gas may be observed through a 
^ Baly, Proc, Roy. Soc.^ 67 . 468 (1895). 
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quartz plate so that the ultra-violet rays may not be absorbed ; 
in & the capillary portion is viewed “ end on,” and c is used in 
investigations on the glow round the electrodes. Many other 
designs have been produced according to the especial character 
of the work, but it will be found that for all ordinary investi- 
gations one of the above forms will suffice. Each of the above 
tubes is shown provided with two electrodes ; in certain cases 
these cannot be used, and then it is necessary to wrap the ends 
of the tubes with tin-foil, which is put in connection with the 



secondary poles of the coil. It is not, I think, advisable to 
employ electrodelcss tubes unless circumstances render it 
necessary, for although they are easier to make they are not 
so easy to fill ; and further, they are rather inclined to give the 
Leyden jar spectrum of the gas when one exists. A further 
objection to them is that they are liable to become pierced 
if the discharge is too powerful.^ 

^ Ilamy has used melal covers fitting over the ends of the lubes, which 
arc packed with powdered graphite. This prevents the 'piercing of the 
tube by the discharge. 
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The following directions may be given for the making of a 
vacuum tube. The most important part of a vacuum tube is the 
electrode. Unless this is properly made it may, and generally 
does, become a never-ending source of trouble ; it breaks to 
pieces, melts up, and then often cracks the tube. Except for 
special purposes, the electrodes themselves are usually made of 
aluminium wire ] this is the most satisfactory, as, on account 
of its good conductivity, it does not readily become hot, and 
therefore is less inclined to melt. Platinum is sometimes used, 
but this always gets very hot, and, further, “ evaporates ” very 
considerably ; a mirror is deposited upon the walls of the tube 
immediately surrounding the electrode, this being particularly 
noticeable at the negative pole. When an aluminium electrode 
is used, it must be joined to a piece of platinum wire which can 
be sealed into the glass ; the two wires can be quite easily fused 
together by heating the extreme end of the aluminium in a fine- 
pointed blow-pipe flame and gently pressing the platinum against 
it until it melts, when the platinum will just penetrate the 
aluminium. The junction is at once removed from the flame, 
and will be found to be quite strong. Before carrying out the 
operation it is advisable to cut both the aluminium and platinum 
wires to the required length j they may then each be held in a 
pair of tweezers or small pliers, and will be found much easier 
to manipulate. After the junction has been made, it is neces- 
sary to protect the platinum wire by a glass cover, so that no 
discharge can take place from any portion of its surface. A 
piece of fine quill tubing is made in the blowpipe with a bore 
sufficiently large to just pass over the aluminium wire ; if, at 
the junction of the platinum and aluminium, there are any 
lumps which prevent this cover from slipping over it, they may 
be removed by filing. The electrode with its cover is shown 
in Fig, 141 at ^ j the next step is to melt down the glass cover 
on to the platinum, as shown in using a fine-pointed flame. 
A small quantity of blue enamel glass is then melted round the 
end of the platinum, as shown at care being taken that the 
enamel and the ordinary glass are well fused together, and that 
the enamel portion is larger than the rest. The use of the 
enamel lies in the fact that it is not possible to seal platinum 
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into ordinary German glass without the joint cracking on cool- 
ing, owdng to the great difference between the coefficients of 
expansion of the platinum and glass. The enamel glass has a 
coefficient of expansion midw^ay between the 
two, and platinum can thus be sealed in 
quite safely with its aid. English lead glass, 
on the other liand, needs no enamel, but it 
is very much more difficult to work, owing 
to the liability of the lead oxide to be reduced 
to lead. Some enamels are made of lead 
glass, but in my opinion they are not so 
satisfactory as the blue soda variety. 

The electrode is now ready for sealing 
into the tube. The previously rounded end 
of the tube has a small hole blown in it, which is then 
filled with enamel, and the whole melted down and blown * 
out until quite even and round. A hole is then made in 
the enamel end of the tube, into which the electrode is 
placed, and the enamel lump on the latter is carefully melted 
to the edges of the hole, and then the seal is several times 
melted down and blown out until a good junction is obtained. 
The three stages arc shown in Fig. 142 ; a is the tube with the 


Ki(!. 142. 

enamel melted into the end ; b, the same with a liole blown in 
the enamel end, and the electrode resting on the edges ; and 
the finished junction. In all three the enamed is represented 
by the shaded portion • thc^preparing of the end of the tube by 
melting in a little enamel previous to the sealing of the electrode 





a b c 

Fig. 141. 
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is a very necessary proceeding, a better joint being always 
obtained in this way. 

It will be found that electrodes prepared this way will 
answer perfectly satisfactorily for all ordinary gases ; if they are 
to be used with very strong currents, the aluminium wire should 
be rather thick; Nos. 16-18 S.W.G. are a very convenient size. 

The monatomic gases, neon, krypton, etc., require a little 
alteration in the electrode if one wishes to pass the current 
continuously for long periods. For some reason even aluminium 
electrodes get very hot with these gases, and therefore they 
must be more carefully made, to prevent their rapid dis- 
integration.^ Stout aluminium wire of at least No. 12 S.W.G. 
is taken, and from one end along the axis a fine hole is bored 
for a short distance. Into this the platinum wire is placed, and 
the aluminium pressed on to it with a pair of pliers; the 
platinum is held quite firmly in this way. The glass cover- 



a 

Fig. 143. 


piece is made by making some capillary tubing out of the 
enamel glass and joining it on to a piece of ordinary glass 
tubing, as shown in Fig. 143, with the electrode lying in its 
place. The enamel is melted on to the platinum at the extreme 
end, ay which must be at least half an inch from the aluminium, 
after which the electrode is finished off in the usual way. 

A very important precaution that must be taken is the 
thorough cleansing of the glass of the vacuum tube ; this must, 
of course, be seen to before the electrodes are sealed in, and 
should be done by filling the tube full of hot chromic acid 
(potassium bichromate and strong sulphuric acid) and allowing 
it to stand for a short time; after which it is thoroughly 
rinsed with distilled water and dried. The tubing from which 
the vacuum tube is made should also be cleaned before it is used. 

The process of filling a vacuum tube with a gas may bo 
carried out by means of the apparatus diagrammatically shown 

' Baly, Phil. Trans.y 202. A, 183 (1903), 
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for filling is shown at B, and the vacuum tube at C. The former 
consists of a bulb, c, with four branch tubes, one of which leads 
to the stopcock and inverted syphon y; a second connects 
through the drying tube e (phosphorus pentoxide) to the stop- 
cock /; the third and fourth respectively lead to the stopcocks 
^ and g. The vacuum tube C is joined through a constricted 
portion, A, to the stopcock /; the inverted syphon d dips into 
mercury in a glass trough as shown. It is far preferable that in 
an apparatus such as this all the joints should be sealed with the 
help of a hand blowpipe to ensure the absence of any leaks ; the 
side branches at >6, k are for the purpose of blowing in during 
such sealings. Over the end of the inverted syphon d is placed 
a tube, «, containing the gas required for the experiment ; such 
tubes of gas are conveniently kept standing in mercury in a 
porcelain crucible, as shown at 1} The gas can thus be admitted 
into the exhausted apparatus by depressing the tube i until the 
end of the syphon is in the gas, and then opening the stopcock 
d. It is necessary, therefore, for the inverted syphon to be full 
of mercury before the gas is admitted, and this is the first stop 
to be taken in the process of filling a vacuum tube. When the 
apparatus has been partially exhausted, the stopcock d is slowly 
opened with the end of die syphon under the mercury \ the 
mercury runs in, and is allowed to just rise above the stopcock, 
when it i^ again closed. The whole apparatus is now thoroughly 
exhausted, and the current from the secondary of an induction 
coil (the same size as will be afterwards used in connection 
with the tube) is passed through the vacuum tube: There are 
certain sources of contamination in every vacuum tube which 
must be removed if a pure spectrum be desired, before the gas 
can be admitted; these are, moisture on the glass walls and on 
the electrode, a small quantity of hydrogen apparently occluded 
in the aluminium electrodes, and sometimes dirty glass surfaces. 
The first two are almost entirely sources of hydrogen; and the 
last of carbon dioxide. 

It is the last which gives the greatest trouble, but it may be 
entirely got rid of by carefully cleaning the tube with chromic 

^ For a fiiU description of tlie modem methods of gas manipulati<^n, see 
The Study of Gases^ M. W. Travers. Macmillan & Co., 1901. 
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acid during its making, as previously directed. We need, there- 
fore, only concern ourselves with the first two sources of trouble ; 
these may be removed by continuing the exhaustion while the 
discharge is passing until the hydrogen ceases to be evolved. 
This, as a rule, does not take long, and is considerably hastened 
by passing a strong current and by carefully heating the tube 
with a Bunsen flame. The exhaustion should be carried to as 
high a degree as possible ; that is to say, until the tube shows 
brilliant green phosphorescence or until the discharge refuses 
to pass. I'he spectrum of the discharge at any time may be 
examined with one of the plain direct-vision prisms described 
on p. no. If the carbon banded spectra become visible, owing 
to there being carbon dioxide present, it will generally be found 
rather more troublesome to reach a sufiiciently high exhaustion. 
Under these circumstances the tube should be heated as hot as 
possible, and, after the admission of a small quantity of air, 
re-exhausted ; this being repeated until the carbon bands dis- 
appear. If tliey prove very obstinate, it will often prove of 
considerable help to close the stopcock I>, and then fill the 
vacuum tube with air by airefully opening the stopcock g. If 
the tube be again exhausted, it will frequently be found that the 
carbon bands have disappeared. 

Attention may also be drawn to the necessity of using 
perfectly pure phosphorus pentoxide in the drying tubes a 
and e; this substance must be free from lower oxides of 
phosphorus, which are very detrimental A sample of the 
substance, when allowed to stand in the air, should be con- 
verted into a (luite colourless mass of metaphosphoric acid, 
without any red or yellow spots. 

When the vacuum tube has been exhausted, the small 
quantity of the required gas may be admitted; the stopcock 
d is closed, and the tube i is well pressed down over the 
inverted syphon ; the stopcock d is then slowly opened,- until 
the mercury just runs through. When a volume of mercury 
has passed equal in volume to the amount of gas re(iuircd 
(which should be less than the total volume of the syi)hon), 
the tube i is raised so as to cover the end of the syphon with 
mercury, 'fhe gas then enters the apparatus, and is followcid 
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by a column of mercury ; the stopcock d is closed when this 
second column of mercury begins to pass through it. It will 
generally be found that a volume of gas occupying two or three 
inches of the capillary is sufficient ; it is best to admit a little 
too much gas, and then slowly reduce the pressure, by opening 
by until the best illumination is obtained in the vacuum tube. 
The tube may now be sealed off by carefully melting the 
constricted portion at h with a fine-pointed blowpipe flame. 
If the gas is very valuable, it may be exhausted out of the 
residual apparatus through 3, and collected at the end of the 
delivery tube of the pump at m. 

When the vacuum tube spectra are required of the vapours 
of substances solid at ordinary temperatures, the special appa- 
ratus for filling is not necessary ; some of the solid in question 
is put into the vacuum tube before sealing to the apparatus, 
and the tube is then sealed on in a horizontal position. When 
the tube has been completely exhausted, the substance is 
heated until it vaporizes, and its spectrum is obtained; the 
exhaustion is continued for a short time to remove any gas 
which may have been occluded in the substance, and the tube 
is sealed off. 

Certain substances necessitate special precautions being 
taken in obtaining their spectra ; amongst these the following 
examples may be quoted. The new gases — helium, neon, argon, 
krypton, and xenon — ^have, as mentioned above, the curious 
property of heating the electrodes very considerably in vacuum 
tubes, and this gives rise to the evolution of a second quantity 
of hydrogen.^ If into a tube, which has been carefully 
exhausted in the manner described above, all the hydrogen 
possible having been removed, a small quantity of one of these 
gases be admitted, at once a further quantity of hydrogen 
is evolved in quite sufficient amount to absolutely mask the 
new gas spectrum. It is therefore necessary that this hydrogen 
be removed before the new gas spectrum can be obtained pure ; 
this <^n only be done by the repeated admission of small 
quantities of argon and re-exhaustion, the process being re- 
peated until the hydrogen lines disappear from the spectrum. 

* Baly, loc» cit. 
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Any one of the new gases would answer the purpose, but 
argon is at present the only one that we can afford to waste 
in this way. It is curious that this effect does not take place 
when the gases are not quite pure — that is to say, when they 
contain diatomic impurities j a further point of interest is that 
the process known as electrical evaporation of the electrodes 
takes place very rapidly with these gases when pure, the 
aluminium subliming and depositing a mirror on the glass 
walls immediately surrounding it. Again, these gases carry 
mercury vapour with them into the vacuum tube with great 
ease, so that its spectrum is very strong, sometimes even mask- 
ing that of the other gas present. This, however, can be 
removed by keeping the discharge passing for some minutes 
through the tube, when apparently the mercury is absorbed 
by the electrodes. 

Chlorine and bromine cannot be kept over mercury, and 
therefore these substances require special treatment. The 
simplest method is to use a metallic chloride or bromide which 
can be decomposed by the action of heat, a small quantity of 
the salt being placed in a side tube joined to tlie vacuum tube. 
When the vacuum tube is exhausted, the salt may be heated, 
and the halogen evolved ; the gold salts may be used, as the 
chloride readily decomposes at about 250° C., and the 
bromide at about 120° C. On cooling, the halogen is slowly 
absorbed again, so that the tube must be heated whenever it 
is required. In these cases the ordinary aluminium electrode 
must not be used, as the stable halogen salts of this metal will 
be formed ; as an alternative, platinum electrodes may be used, 
which are protected by an enamel coating, so as to leave only 
a very short piece exposed, or, better still, electrodeless tubes 
may be employed. 

A further trouble sometimes met with in vacuum tube work 
is the gradual disai)i)earancc of the gas in the tube, owing to 
absorption, decoini)osition, polymerisation, or some such cause. 
The new monatomic gases arc very liable to l)e slowly absorbed, 
but as this takes a long time, the simplest way is to open and 
fill the tube anew when the pressure has become too reduced. 
Cyanogen is a very good example of a gas whicla polymerises 
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under the action of the discharge ; this takes place so rapidly 
when the gas is pure that the current will only pass for a few 
minutes after admission of the gas. In such cases it is very 
convenient so to arrange the apparatus that the vacuum tube 
is fixed opposite the spectroscope slit, and to fill it in that 
position, and then as fast as the gas disappears more may be 
admitted. The spectrum can in this way be photographed 
without sealing oiF the vacuum tube. 

In the case of cyanogen,^ the product of polymerisation is 
a brown solid (paracyanogen), and therefore in some experi- 
ments on the spectrum of this gas an end-on vacuum tube 
was employed, which was placed facing the slit, and thus the 
deposit of paracyanogen on the capillary walls did not interfere 
with the illumination. Silicon tetrafluoride is another example 
of a gas which requires to be treated in exactly the same way. 

Among the directions given above for filling a vacuum tube, 
it was briefly stated that the pressure exerted by the gas therein 
should be adjusted until the best result is obtained. The 
pressure of the gas often exercises a very considerable influence 
on the definition of its spectrum lines, and, further, on the 
relative visibility of the components of a gaseous mixture. 
An example of the first effect may be drawn from the new 
monatomic gases, for unless the pressure lies within certain 
small limits the radiations become very ill defined; this is 
true for krypton in the orange region, and particularly for 
x^on over the whole spectrum.® It was found in filling tubes 
with xenon that, unless the pressure was below a certain limit 
(which was not measured, but probably about i to 2 mm.), the 
lines, especially of the spectrum obtained with the Leyden jar 
in the circuit, were hopelessly confused, having in many cases 
a width of 6 to 8 A.U., and were seen upon a continuous 
backgroimd. When the pressure was slowly reduced, the 
continuous background disappeared, and the lines became in 
the end absolutely sharp. It will often be found in working 
with gases under reduced pressures that there is a definite 
pressure at which the best effect is produced. 

* Baly and Syers, PM, Ma^, (6), 2 . 386 (1901). 

Baly, loc, czt» 
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The second effect of pressure, namely the effect on the 
relative visibility of the components of a mixture of gases, is 
well shown by some results obtained by Collie and Ramsay 
with a mixture of helium and hydrogen.^ With a mixture of 
two parts of hydrogen and one of helium, the latter was in- 
visible at a pressure of 2'6i mm., but at a pressure of 0*43 
mm. the helium spectrum was strong, and as the pressure was 
reduced it became stronger, until at 0-072 mm. the red line 
was as bright as the red hydrogen line; at 0-012 the helium 
spectrum was stronger than the hydrogen throughout. The 
same was true of other mi.xtures of the same gases, it being 
found that the lc.ss helium in the mixture, the lower was the 
pressure necessary to make it visible. Generally speaking, 
therefore, the pressure is an all-important factor in spectro- 
scopically testing a mixture of gases. Some interesting qualita- 
tive observations upon the spectra of mixed gases have been 
recently published by Nutting.’-* , It has also been found that, 
when the discharge is passed through a mixture of two gases, 
they are separated, one appearing in the negative glow and the 
other in the positive column.-'* 

A few words may be said about the production of phos- 
phorescence in solid bodies; that is to say, the production of 
luminescence in solids by e.xposing them to the cathode 
streams. Various forms of tubes have been devised for 
producing this effect since Crooke*s well-known work upon 
this subject One of tlie simplest is that shown in Fig. 145. 
It will be remembered that the cathode streams are driven 
from the negative pole normal to its surface, and travel in 
straight lines. 1 he thin flat electrodes shown in the flgure arc 
therefore particularly adapted to direct the streams upon the 
substance lying in the lower i>ortion of the tube. The methods 
oi preparation and exhaustion of these tubes are sufliciently 
similar to those already described for the ordinary vacuum 
tubes, that there is no reason to minutely describe them. I’lie 

* Pn>c. A\>y. Sue., 69 . 257 (i8g6). 

* Astrophys. /uurn., 19 . 105 (1904). 

’ Billy Phil. Mag. (5), 36 . 200 (1893); J. J. 'rhomson, Naim;-, 62 . 

454(1895)- 
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most important point in connection with them is the neces- 
sity for a very high exhaustion. It is advisable during the 
exhaustion to carefully heat the tube with a Bunsen hurna 
in order to drive off the gas which is occluded upon the walls 
and in the substance to be excited. It will generally be 
found, if the exhaustion be carried first of all to a high point 
and the discharge made to pass, that a considerable quantity 
of carbon dioxide and hydrogen will at once be given up by 
die various parts of the tube. It is clearly necessary that 
all of this be removed before the tube is finished. This can 
be done with patience, by continually heating the tube and 
re-exhausting, this being repeated until no more gas is evolved. 
This can readily be tested by watching the effect of further 
heating upon the appearance of the discharge; no effect, 



of course, should be produced. As regards the extent to 
which these tubes must be exliausted, this must be judged 
for each separate tube. It will be found that the phosphor- 
escent effect will during the exhaustion steadily improve until 
a maximum is reached, after which it will begin to decline ; the 
exhaustion at which the maximum occurs differs with different 
tubes. In coimection with the use of these tubes, it must not 
be forgotten that many minerals tend to give up gases under 
the influence of the rays, due to the heating, etc. Care should 
in such cases be taken to only run the discharge for a very 
short time; if, however, it is required to make a lengthy 
observation, or take a photograph of the spectrum, it is 
advisable to leave the tube in connection with a mercury 
pump, so that any gas which is evolved can at once be 
removed. 
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^ l-ittfr aVtirv broad absorption bands, and in 
f ^ o* wtjrt' iii-in Similar investiga- 

ol'iotliti ^ ^'her and DanielP on the absorption 
o nV<1.‘s or n”"-'"'; “‘i,®"‘=hlorine (a mixture of chlorine 
p, 1 in tiu'su • "^he methods of experimentation 

"T> main of T to a certain extent, but consisted 

* t-fJ spectroscopic examination of the light from 

a soiuc^. .nutting a continuous spectmm, after its passage 

^rstdvl« Without concern- 

^ I m " 'fvestigations which have taJcen place in 

the mt ci tunc, it is only necessary to discuss the most recent 
work oarru.d out in this direction. It will be convenient, for 
the purpo. i s <if a short description of absorption work, to divide 
f ^^^orp&on spectra of (i) gases, and of 

?! referring to inorganic substances, and 

(3) tho al >Mn ption spectra of organic compounds. 

In tluj lir.st cla-ss, the mo.st important work that has been 
done i-ftcrs i<> chlorine, bromine, and iodine; nitrogen per- 
oxide ; and <diromyl chloride (CrO,Cy. Bromine and iodine 
have bet'n investigated by Hasselberg,“ who has also observed 
nitrogen peroxide. This brief reference to these must sufSce.-* 
The baialed ah.sorption of chlorine was first noticed by Morrere 
in 1869,® who also found a band of complete absorption in 
the ext rein.- violet Tivoing and Dewar,® also investigated 
this aUsorplum band, making use of the spark between iron 
electro {U-.S a.s the .source of light Recently Mrs. Laird’ has 


(1835^"^''* f3>’ ®- 360 (1833) ; (3). 8. 384 (1836) j (3), 7. 43C 

® -7//^/., 28. 386 (1833); /V«7. JkTajif, (3) 27. 81 (1845). 

* ISri»tiiiiH% A. Svtftisk, Aktui, Jlandl,, 24. No. 3 (1891); de 

Aead, i/i* *Sy, 26. No. 4 (1878); Iodine, Mdm, de VAkad, de St, 

PeterstK,^ (7)> 36. {1888). 

* t/e de St, 2 ^et&'sb, (7), 26. No, 4 (1878). 

" Coui/^it^s rM./eis, 68. 376 (1869), and JPo^^r, Ann,, 187. 165 (i860). 

® CVetvu, AV74v.\', 47. 121 (1883). 

' As/rfj^/tyx, fount,, 14. 85 (1901). 
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carried out a complete examination of the absorption spectrum 
of chlorine, which may be shortly described as a good example 
of modern methods. The apparatus used consisted of a full- 
size Rowland grating; and as the source of light, sunlight and 
the electric arc were used. To contain the chlorine several 
tubes of various sizes were employed ; one of these was of glass 
tubing 8o cm. long, and 5*3 cm. internal diameter, provided 
with glass ends, which were afterwards replaced by quartz 
plates mounted in lead; another of the tubes was 137 cm. 
long, and a third of steel 33*2 cm. long, for working with 
the chlorine at other than atmospheric pressures. A certain 
amount of trouble was encountered in recognizing the chlorine 
absorption lines amongst the solar ones, but this could be 
done by careful comparison between plain solar and arc 
photographs, and those taken of the same through the absorb- 
ing layer of chlorine. 

Measurements were made of the absorption lines, which 
extended from X = 4800 to X = 5350 at atmospheric pressure ; 
under 2*5 atmospheres pressure they could be traced as far as 
^ = 545®. Observations were also made upon the general 
absorption band in the ultra violet, but it was not found 
possible to resolve it into lines, even when tlie pressure of the 
chlorine was as low as 5 cm. This absorption band was found 
to vary much in extent with change of pressure or length of 
chlorine traversed by the light, and at the greater pressures it 
extends even over the absorption lines, reaching X =5 4990 at a 
pressure of 24- atmospheres. The line spectrum with change 
of pressure hardly altered in character at all, only becoming 
blacker with increase of pressure, but new lines are added 
towards the red. The general absorption band and the line 
absorption thus appear to be due to quite different causes. 

The absorption spectrum of iodine has been similarly in- 
vestigated by Konen,^ who made use of a R,owland grating 
of one meter focus, and the positive crater of the electric arc 
as his light source. Both Hasselberg^ and, Konen have 
noticed that the effect of increasing the pressure Sjn the iodine 
spectrum is to increase the intensity and width bf the lines, 
^ Wied. Ann,, 65 . ,285 (1898), 2 
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and further to originate a general absorption, which begins at 
the violet end of each band of lines, and, extending towards 
the^ red, becomes finally total. Konen has also compared the 
emission spectra of iodine with the absorption spectrum, and 
found that the latter corresponds to the vacuum tube spectrum 
(band spectrum), the flame spectrum and the phosphorescent 
spectrum obtained by heating iodine vapour in a closed space. 
On the other hand, the absorption spectrum of chlorine does 
not agree with the emission spectrum. An interesting com- 
parison nuy be drawn between the three halogens; the 
absorption lines .shift nearer the red with increasing atomic 
weight, similarly also do they increase in number and sharp- 
ness, and further, the thickness of gas layer required to render 
the absorption lines visible decreases with increase of atomic 
weight. 

A certain amount of work has been done upon the absorp- 
tion spectra of metallic salts in solution. In these cases we 
have absorption bands of various widths which arc not sharply 
defined at the edges, neither can they be resolved into lines. 
The results have not in general been more than the measure- 
ments more or less accurately of the bands ; there cannot be 
said to have been any success attending attempts to interpret 
the meaning or the bands. They have been utilised in certain 
cases in important works upon constitution of compounds, of 
which an excellent example may be given of Ostwald’s ^ work 
upon the spectra of the various permanganates in whiche hp 
showed by the similarity of the absorption spectra thaff^Me 
electro-negative ions miust be the same in them all. Further, 
a considerable amount of work has been done by Krilss 
and Nilson,'"® Crookes,'* Auer v. Wclsbach,'* and many others, 
upon the absorption spectra of the salts of the rare earths. 
1 he first-named consider that more than twenty elements 
are really e.\istent in place of the six so-called elements, 
praseodymium, neodymium, erbium, holmium, samarium, and 
thulium, basing their conclusions upon the assumption that 

> 7 .dts. Phys. Chm., 3 . (ioi (1889) ; 9 . 579 (1892) • and 9 . 226 (1892). 

•- Jkrieht,-, 20 . 2134 ( 1887 ). » Chtm. Navs, 67 . 27 . 

* Wiener 92 . ( 1885 ). 
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each absorption band is characteristic of one element. Into 
the arguments for and against this I cannot enter here. 

A great deal of quite valueless work has been done upon 
the absorption bands of solutions j many of the measurements 
have been based upon purely arbitrary scales, and further, 
insufficient attention has been paid to the position of the 
maximum of absorption of a band. A measurement of a band 
simply stating the wave-lengths of the edges is of no use, 
because very often the middle is not the darkest part. Several 
ways have been suggested of accurately arriving at the wave- 
length of the maximum of absorption, among which the follow- 
ing may be mentioned : — 

1. Kriiss and Oeconomides ^ employ solutions the dilution 
of which is increased until the band almost disappears. At 
each dilution as the band narrows itself its limits are measured ; 
and finally,- just before the band disappears, two very close 
readings are obtained. Evidently the absorption maximum 
must lie between these points, arid may be found by taking the 
arithmetical mean or by setting the cross wires of the eye- 
piece upon the region of greatest darkness. 

2. By means of a spectrophotometer the actual intensity of 
the band is compared with a standard light ; where the greatest 
difference between the two is found, there is the absorption 
maximum. This comparison is usually carried out in an 
instrument in which the spectrum containing the absorption 
band is seen contiguous to a continuous spectrum. The 
brightness of this continuous spectrum can be altered at will 
by various means ; only a very small portion of each spectrum 
is observed, the rest being cut off by shutters in the eye-piece. 
In an actual observation comparison is made at various 
portions of the absorption band, the continuous spectrum being 
reduced in brightness until the two are equal. The point of 
maximum absorption is where the continuous spectrum has to 
be most darkened in order to produce equality. This method 
has been bettered by Camichel and Bayrac,^ who employed a 
Crova spectrophotometer. In this instrument the slit is divided 

* Berichte, 18 . 2. 2054 (1883) ; and 18 , 2, 1426 (1885). 

® Joum, de Physique^ 1 . 148 (1902). 
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into two parts, one being illuminated by a beam of intensity, 
Ii, which passes through two nicols, and the other by a beam, I, 
which passes through the absorbing substance. The two 

spectra are equalised, and then Ijsin^a = Kla where - -a is 

2 

the angle between the'nicols, and K is a constant. In practice 
the extremity of a band is observed and the two spectra made 
of equal brightness, care being taken to limit the amount of 
spectrum observed. The angle a is read, and so is the scale 
reading of the telescope j the telescope is then turned slowly 
towards the other side of the band until the spectra become 
equal again, when a second scale reading is obtained for the 
same value of a. Several pairs of points of equal brightness 
are thus obtained in the band, each pair giving a different 
value of tt. The scale readings for each pair of points arc 
then plotted on a curve against siiA. A curve is drawn 
through these points, and a line drawn through the means of all 
the pairs of scale readings \ this line, which is usually straight, 
will cut the curve at the point of maximum absorption. A 
very similar method was used by Laubenthal.^ 

None of these methods seem, however, to have been applied, 
except in one or two cases, to the study of absorption spectra, 
and beyond the fact that certain metallic salts have characteristic 
absoiq)tion spectra, there is but little more known. (For a 
complete description of absorption spectra, see Vogers 
PraktiscJic Spccif'alanalysc^ Berlin, 1889.) 

Some interesting work has been done by Formdnek ^ upon 
the absorption spectra of the lakes produced by certain metallic 
salts with alkannin. A great many chlorides of metals, such as 
the alkali metals and those of the alkaline earths which have no 
absorption spectra, form lakes with this dye, which are soluble 
in water and have characteristic absorption spectra. These 
absorption bands Formdnek has measured, and has based upon 
them a qualitative spectroscopic analysis.'* The alkannin is 

* Wied, Y. 4, 851 (lyoi). 

® Zeiis.filr anal. Clicmie., 89 . 409. 

“ Die Qualiiailve Spectralanalyse anoi*gamsche Korper, ' MiickLMibcT, 
Berlin (1900). 
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soluble in 95 per cent, alcohol to a red solution, and this is 
diluted down (with 95 per cent, alcohol) until when placed in 
a cell 10 to 12 mm. thick the absorption bands are seen to be 
quite separated. About 5 c.c. of this solution are put into the 
cell, and two to three drops of a neutral solution of the chloride 
of the metal are added. If no colour or spectrum change is 
produced, a small drop of dilute ammonia (20 percent, solution 
of ammonia of 0*96 sp. gr.) is allowed to run down the side of 
the absorption vessel; a characteristic absorption spectrum 
will then be developed. 

A further investigation into these absorption bands of 
Formdnek’s has been made by Laubenthal ^ in the case of the 
alkali metals and those of the alkaline earths. The position 
of the bands were more accurately measured by method (3) 
above, and certain regularities were found. For example, the 
bands shift towards the red in both groups with increasing 
atomic weight, and the shifts are proportional, so that the ratio 
between the wave-lengths of the two bands of each spectrum 
is constant for each group of metals (see, further. Chapter XV.). 

Hartley has carried out some important investigations upon 
the ultra-violet absorption spectra of metallic nitrates-^ In 
these experiments he has employed the same methods as in 
the case of organic compounds, which will be described below. 
The aqueous solutions of a number of metallic nitrates were 
observed, and absorption bands were found to occur; the 
nitrates of the metals which give colourless solutions show one 
absorption band, and in the case of coloured salts the absorption 
bands due to the metal were of course also obtained. In the 
case of the fatty esters of nitric acid, ethyl nitrate, there is 
no trace of the absorption band. Hartley reasons hrom his 
results that the metallic nitrates are not entirely separated into 
ions when dissolved in water, but that each molecule is 
separated into two parts in such a way that the movements of 
one part are influenced by the movements of the other; he 
views the compound as being in a condition of molecular 
tension.- This conclusion is based upon the -fact that the 

^ Wied. Anil,, 7 . 4, 851 (1902). 

® Chem. Soc. Trans,, 81 . 556 (1902) ; and 83 . 221 (1903). 
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characteristic absorption is considerably modified in the case 
of the nitrate of a heavy molecule, just in the same way as the 
absorption spectrum of an organic compound is modified by 
weighting the molecule. If the absorption were due entirely 
to the NO;, ion, then the mass of the metallic ion would have 
no influence.^ 

Absorption Spectra of Organic Compounds. — A consider- 
able amount of work has been done upon the absorption spectra 
of organic compounds in the visible region by various experi- 
menters, amongst whom may again be mentioned Ostwald in 
support of the electrolytic dissociation hypothesis, and also 
Kriiss, Vogel, Schutze, and others who have studied the absorp- 
tion spectra with the hope of finding some connection between 
the constitution of a body and its absorption spectrum. Although 
certain empirical rules have been found, it can hardly be said 
that anything in the way of a definite connection has been 
observed. By far the most valuable work in this direction has 
been carried out by Hartley in his investigations upon ultra- 
violet absorption spectra \ here, undoubtedly, have been dis- 
covered certain most important facts connecting chemical 
constitution and absorption spectra \ and further, it appears that 
we possess, thanks to Hartley, a most searching method of 
studying generally the whole question of constitution. The 
constitution of many bodies, when chemical methods have failed, 
have been undoubtedly established by this means, and it is not 
too much to hope that the whole question of molecular structure 
of organic compounds may be solved in this way. 

The beauty of Hartley’s method chiefly lies in the method 
of expressing the results obtained ; he has not merely examined 
the position of the absorption bands or the limits of absorption, 
at some definite concentration of solution, but has measured 
the absorption limits at a great many concentrations, always 
increasing the dilution step by step until complete transmission 
is obtained. The oscillation freipiencies of the edges of the 
regions of alisorption are then pl(;tted against the correspond- 
ing strengths of solution, and a curve drawn through the points 

^ l^'or a more complete dcHcriptuui see the volume iu this series, the 
Relation of Chemical Constitution and Optical Proptrliesy by Dr. Smiles. 
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so obtained. It is the shape of these curves which have been 
connected with the chemical constitution. 

The first paper upon this subject was by Hartley and 
Huntington in i879»^ which contained the absorption curves 
for a great many substances. The method of experiment 
consists in photographing the spark spectrum of an alloy of tin, 
lead, cadmium, and bismuth, through a solution of the required 
substance by means of a quartz spectrograph. The spectrum 
of this alloy contains a considerable number of lines fairly 
equally distributed over the blue and ultra-violet, and conse- 
quently it is easy to detect the presence of absorption and 
measure its limits by observing whether any lines or groups of 
lines are missing. Hartley and Huntington investigated in 
this way water, methyl, and ethyl alcohols, and these were 
found to be quite diactinic, as they transmit all the rays as far 
as A. = 2000 A.U. They have been, therefore, used as solvents 
for many organic compounds whose absorption spectra have 
been put upon record. In this paper Hartley and Huntington 
plotted their results as follows : the oscillation frequencies were 
the abscissae, and the ordinates were the volumes in which a 
definite quantity of the substance was dissolved. An example 
of this form of diagram is shown in Fig.’ 146, which represents 
the absorption curve obtained with paranitrophenoL 

In later papers, instead of putting the volumes of the solu- 
tions upon the ordinates. Hartley has substituted the equivalent 
thicknesses of solution. As an example of this, let us consider 

that solution of a particular substance is made up of 

strength (r milligramme-molecule dissolved in 100 c.c.), and 
that the spark spectrum is photographed through 30, 20, 15, 
10, 5 and 4 mm. thicknesses respectively; the solution is then 
diluted to ten times its bulk, and again photographed through 
the same thicknesses. 

Let us imagine now that complete transmission occurs at 
the 4 mm. length of this diluted strength, so that further dilu- 
tion is unnecessary. The results may be thus considered to 
have been obtained with 300, 200, 150, 100, 50, 40 30, 20, 15, 

‘ Phil, Trans,^ 170 . I, 257 (1879). 
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10, 5 and 4 mm. thicknesses of the last dilution ( ), and 

\ioooP 

may be so plotted. These actual thicknesses might not be all 
that would be required in practice; they serve, however, as 
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an example of the method. Fig. 147 shows copies of absori> 
tion curves drawn in this way.* It will be seen that there is 
a considerable difference between the two ways of expressing 
the amount of matter traversed by the light, because in the first 
case the effact of a small dilution change is more marked with 
the weaker strengths than with the stronger, while in the second 
case the opposite is true. All Hartley’s later results have been 
expressed by the second method, and he names his curves 
“ curves of molecular vibrations.” In these experiments quartz 
cells were used for holding the solutions, several of difterent 
sizes being used in order to allow different thicknesses of 
solution to be used. 

Hartley, both alone and also in conjunction with Dobbie, 
Lauder, and others, has continued these investigations, and a 
very great number of substances have been observed. A com- 
plete list of all that had been previously done is to be found in 
the British Association report of 1901, and this list has been 
kept up to date in succeeding reports.*-* 

In certain experiments upon the same subject I have used 
the iron arc in place of the spark spectrum of the cadmium 
alloy as used by Hartley. There is a considerable advantage 
gained in so doing on account of the vast number of lines on 
the arc spectrum of iron ; the measurement of the limits of 
absorption is rendered in this way easier and, perhaps, more 
certain. For the sake of convenience an adjustable cell with 
quartz plates has been substituted for the series of cells of fixed 
sizes as used by Hartley. A diagram of one of these colls is 
shown in Fig. 148 ; it consists of two glass tubes which fit loosely 
one inside the other. Both of these tubes have a flange at one 
end which is ground flat and square to the axis; upon this 
flange is cemented a quartz plate in each case as shown at A 
and B, C is a bulb lube sealed to the sule of the outer till as, 
as drawn, and serves to take up the solution when the thickness 
of layer is decreased by pushing in the inner tube. At 1 ) a 
broad indiaruhber band is slipped over the junction in order to 
keep it water-tight ; this rubber band may l)e cut off a [liece of 

* S(H\ 81 . 929 (1902). 

- JifuL Asx, AV/r#;*/ (1901), p. 225. 
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black rabber tubing about i inch in dianaeter and i inch 
broad. The dimensions of the outer tube are about i inch 

wide and 5 inches long. 
The outer tube has a milli- 
metre scale etched upon it ; 
this scale is so ruled that its 
zero division coincides with 
the inner side of the quartz 
plate A, and thus the read- 
ing of the inner side of 
the plate B upon the scale 
gives the thickness of the 
solution. 

As regards the cement- 
ing of the quartz plates in position, either sealing-wax or a 
cement made by dissolving gelatine in hot glacial acetic 
acid was usedj the former in the case of cells employed 
for aqueous solutions, and the latter for alcohols and similar 
solvents. 

The inner tube of the cell is preferably lined with black 
paper so as to stop as far as possible the reflections of the light 
from the glass walls. 

A different method has been adopted, also, of plotting the 
results.^ It was pointed out above that Hartley in his earliest 
researches plotted the equivalent volumes of solution containing 
a fixed quantity of the substance, and later the equivalent 
thicknesses of a solution of fixed concentration. In the first 
case the effect of a given relative charge in the amount of sub- 
stance was more marked in the curves at smaller concentrations 
than at greater concentrations, and in the second case exactly 
the opposite is true. It is preferable that some method be 
adopted by means of which a given relative change in dilution 
or thickness can be represented by the same shift whatever be 
the actual strength of the solution. This will be at once gained 
by the use of the logarithms of the concentrations or relative 
thicknesses in place of the values themselves. 

In Fig. 149 are shown three absorption curves. They all 
^ Baly andDesch, Chetn, Soc. Trans,, 86. 1039 {1904). 
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refer to the same substance, and are drawn respectively accord- 
ing to the three methods described. The full curve is drawn 



Fig, 149. 
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according to Hartley's second method, the dot and dash curve 
according to his first method, while the dotted curve is drawn 
with the logarithms of the thicknesses of solution of constant 
concentration. The two absorption bands persist approxi- 
mately during the reduction of the molecular concentration to 
one quarter, a fact which is clearly best expressed by the 
logarithmic curve.^ From the absorption curves plotted by 
this method it is very much easier to compare the relative per- 
sistence of the absorption bands j that is to say, the change of 
concentration over which the band lasts. This persistence is 
a very characteristic function of a band, and upon it important 
deductions can often be made as to the nature of the structure 
of the molecule. 

As regards the results obtained with the absorption spectra 
of organic compounds, there are, broadly speaking, two types 
of spectra, namely that in which the absorption is perfectly 
general, with no evidence of any absorption band, and that 
in which one or more distinct absorption bands are shown. 
To the first class, generally speaking, belong the spectra of 
the fatty compounds, while the second class contains the 
spectra of the aromatic or benzene compounds. It must be 
understood at once that this is a very rough distinction, and 
that it is quite possible to obtain compounds in the fatty series 
which show an absorption band, and on the other hand to 
introduce groups into the benzene ring so that the bands 
disappear and the absorption becomes continuous. This dis- 
tinction, however, serves to show the difference in character 
between the compounds which show banded absorption and 
those which do not. The whole question of interpretation of 
the different spectra lies in the true meaning of the absorption 
band, what it is due to, and why some compounds give it 
and not others. Before dealing with this, however, some of 
Hartle3r’s work may be quoted, in order to show what use can 
be, and has been, made of this method in the determination 
of the molecular constitution of chemical compounds. In 
order to understand the facts, it is necessary that the results 

^ This method of plotting spectroscopic results had already been 
suggested by Lord Rayleigh : Nature, 27 . 559 (1883). 
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of Hartley’s earlier work be mentioned. For example, 

the production of a methyl group into the molecule does not 
influe 11 its absorption. Thus the spectra of benzoic acid and 
methyl ^^<^nzoate are absolutely identical; the formulce of the 
two CO iiH>ounds are — 


CH 

HC CH 

Hcl^yCH 

C 

COOH 

Henxoic acid. 


CH 

HC k^CH 
C 

ioocH,, 

Methyl beoxoate. 


In tliu latter case we have the acid hydrogen replaced by 
the methyl p^roup — CH-i. Several examples of the same might 
be given. It follows from this that if we find the spectra given 
by a compound and its methyl derivative to be the same, 
we are quite justified in assuming the molecular constitution 
of the two compounds to be absolutely similar. 

Such a case as this is the constitution of carbostyril. From 
its clicmical behaviour it is not possible to say for certain 
whether this substance has the ketonic structure as shown in 
I., or the enolic structure shown in II, 


H 

.C = CH 

I 

Nv - C :- () 




H 

/C = CH 
CoH^ 1 

= Cemia) 


II. 


This substance gives in certain cases reactions which favour 
the first formula, and in other cases reactions which favour 
the second formula; one cannot decide from its chemical 
behaviour whether the hydrogen atom (a) is linked to the 
nitrogen or to the oxygen atom. The methyl derivatives of both 
T. 1*. c. 2 K 



4i8 


SPECTROSCOPY 


substances are known, however, which can be easily proved to 
have the formulae — 


yCK = CH 

c,h/ I 

^NCH, — CO 

Methylpseudocarbostyril. 


c„H,: 


/ 


CH = CH 


"N = CCHa 

M ethy Icarbostyril. 


Hartley and Dobbie ^ have examined the absorption spectra 
of the three substances, and find that the absorption curve of 
carbostyril agrees almost exactly with that of the methyl- 
pseudocarbostyril, but not with that of methy Icarbostyril. 
They therefore conclude that carbostyril has the ketonic 
structure as shown in formula I. 

In exactly the same way they proved that isatin has the 
structure — 


/CO 

Hartley, Dobbie, and Paliatseas have also examined the 
absorption spectrum of ortho-oxycarbanil, and by comparing 
it with the spectra of the two ethyl derivatives conclude that 
it has the formula — 




. 0 . 


Vo, and not 'COH 


Ihe absorption spectra of certain other tautomeric bodies 
Mve also been investigated by Hartley and Dobbie, and they 
ave put upon record the spectra of the two isomers in each 
cMe. For example, the case of tautomerism occurring between 
mbenzoylmethane and a-hydroxybenzylideneacetophenone ; 
these two compounds have the foUowing formulae.— 


C»H»-C— CHa-CO— C,H, C„H,— C = CH— CO— QH, 


0 

Oibenzoylznethane. 


OH 

a-hydroxybenzylideneacetophenone. 


‘ CAem. Soc., Trans., 78 . 640 (1899). » Ibid., 77 . 839 (1900). 
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The absorption spectra of the two are diflFerent, for although 
they both show two absorption bands, these differ in their 
persistence in the two cases. It thus appears that the mere 
change of linkage of the carbon atom can modify the absorp- 
tion spectrum. Several other cases of such a change, appa- 
rently produced by a difference in linkage round a carbon 
atom, are known. 

Some light, however, appears to be thrown upon the 
absorption spectra of tautomers, and at the same time upon 
the meaning of the bands by some investigations upon the 
acetoacetic ester and acetylacetone compounds.^ These com- 
pounds show banded absorption, and are, therefore, exceptions 
to the broad distinction laid down at the commencement of 
this description, because they belong to the fatty series of 
compounds. They are, therefore, peculiarly interesting, as it 
is possible to investigate the bands without any fear of com- 
plication from the presence of a benzenoid nucleus. Ethyl 
acetoacetate and acetylacetone are both tautomeric substances 


with what is known as a labile hydrogen atom — that is to say, 

they possess one or otlier of 

the two following formulte 

respectively ; — 


Ethyl acetoacetate— 


CHa— C-CHa-cf 

^0 

CH*— C=CH— C, 

II 

1 ^O-CaHs 

0 

OH 

Ketonic. 

JCnoIic. 

Acetylacetone— 


CH., — c — CH, — CO — CH, 

II 

CH«— C = CH— CO — CH, 

1 

0 

OH 

Ketonic. 

Enolic. 


Now, metallic derivatives of both th'ese substances can readily 
be prepared, in which the labile hydrogen is replaced by an 
atom of a metal. These substances have generally been 


^ Baly and Desch, loc, ciL 
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considered to be enolic derivatives — that is to say, the sodium 
compound of acetylacetone has the formula — 

CH;, — C = CH — CO — CH:, 

ON/z 

The absorption spectra of acetylacetone and its aluminium, 
beryllium, and thorium derivatives are shown by the curves 
2, 3, 4, respectively, in Fig. 150, in which the logarithms of 
the relative thicknesses are plotted; curve No. 5 shows the 
absorption spectrum of methyl acetylacetone — 

/H 

CH3— C— C CO— CHa 

II 

o 


On examining the absorption spectra of ethyl acetoacetate and 
of its aluminium derivative, it was found that while the absorp- 
tion curve of the latter was very similar to those of the acetyl- 
acetone compounds, that of the former showed only general 
absorption without any band at all. These results would seem 
to point to the fact that ethyl acetoacetate is ketonic, while all 
the other bodies are enolic. On investigating the spectra of 
the two ethyl derivatives of ethyl acetoacetate — 


/H 

CHs-C— C CO^CaHa 

Ethyl ethylacetoacetate (ketonic). 


and CHs— C = CH— CO^CjH# 

clc,H, 

Ethyl /S-ethoxycrotonate (enolic). 


it was found that neither of them showed any absorption band 
at all. It was concluded from this that the absorption band is 
not due to either of the two possible modifications, but to the 
oscillation from one form to the other. In order to test this 
theory the action of sodium hydroxide upon ethyl acetoacetate 
was investigated. It is known that this substance exerts a 
decided accelerating influence upon the reaction between 
similar tautomeric substances ; it was to be expected therefore 
that the addition of sodium hydroxide to ethyl acetoacetate 
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would produce an absorption band. In Fig. 15 1 curve i 
represents the absorption of the ester in the presence of a small 
trace of the hydroxide, curve 2 the absorption in the presence 



of an equivalent quantity of the hydroxide, while curve 4 shows 
the absorption with an excess of the hydroxide. Curve 3 
represents the absorption exerted by the aluminium derivative 
of the ester. These curves, inasmuch as the absorption band 
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in No. 4 is much more persistent than that in No. 3, very 
strongly support the theory. There is thus very strong evidence 
for considering these tautomeric substances to be in a continual 



state of oscillation between the two forms, and that the persist- 
ence of the absorption band is a measure of the relative number 
of the molecules which are in this oscillating state. This oscil- 
lation has been named by Armstrong and Lowry dynamic 
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isomerism, and therefore there seems every reason to suppose 
that we have in these absorption bands a means of measuring 
the dynamic isomerism between two substances in equilibrium 
with each other.^ 

These few examples of the application of spectroscopic 
methods to the study of chemical constitution are quoted as 
evidence of the great field of work that lies open in this 
direction. 

1 For a full description of the work on absorption spectra, the volume 
in this series must be consulted, upon the Relation between Chemical 
Constitution and Physical Properties^ by Dr. Smiles. 



CHAPTER XIII 

THE NATURE OF SPECTRA 


Spectra may be divided into three classes — continuous spectra, 
banded spectra, and line spectra. Continuous spectra are those 
which contain the whole scale of wave-lengths, such as are 
usually given by incandescent solid substances; certain cases 
of continuous spectra are recorded as having been given by gases, 
but about these very little is known, and they need not be con- 
sidered here. Banded spectra, both in emission and absorption 
spectra (excluding those of certain substances in solution), can 
always be resolved into groups of very fine lines. Each group 
of lines has a head ; that is to say, the lines in one direction get 
closer and closer until they run together, forming a sharp edge 
called the head. This head may either be on the red or blue 
side of the band, the band being degraded either towards the blue 
or towards the red. The appearance of these spectra under low 
dispersion is that of a channelled spectrum. Such spectra are 
always given by compounds when these are undissociated, and 
also by certain elementary substances, an example of which is 
nitrogen in a vacuum tube under the influence of the electric 
discharge without a Leyden jar. About the spectra of compounds 
very little is known, on account of the experimental difficulty 
connected with their observation ; they are so readily decom- 
posed under the various exciting influences we apply to them 
in order to produce luminescence. Amongst those which are 
known to be spectra of a compound are the so-called carbon 
oxide spectrum, the cyanogen and the silicon tetrafluoride 
spectra, the latter presenting a band degraded towards the 
red. About the spectra of compounds, Kayser very rightly 
points out how great a field for valuable work lies here, for we 
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know so little of their nature, their structure, and general 
character. “ Es liegt hier fruchtbares Arbeitsgebiet noch fiir 
Jahre und fiir zahlreiche Beobachter vor.” ^ 

About line spectra our ignorance is not so great ; by line 
spectra is meant those spectra consisting of more or less sharply 
defined lines which are generally distributed without any 
apparent regularity; characteristic groupings are often visible, 
but never any repeating structure such as stamps the banded 
spectrum. In certain spectra there have been discovered 
harmonic series of lines, by means of which considerable 
similarities are noticed between the spectra of elements of 
the same chemical family, and then, further, there have been 
recorded certain observations upon the characteristics of the 
lines themselves, their structure, ix. the complexity of the 
radiations forming one “line,” their “length” in the spark 
and arc, and finally their general appearance. The regularities 
in linear spectra and the work on spectral series will be treated 
fully in Chapter XV.; about the nature of the lines them- 
selves a few words may be said here. 

When the lines of the arc spectrum of a metal are indi- 
vidually examined, they will be found as a general rule to 
differ materially in appearance amongst themselves. They 
are by no means all equally well defined; some of tliem 
are sharply defined on both sides, while others are sharply 
defined on one side, the other side being nebulous and diffused ; 
there are further to be seen frequently lines which are nebulous 
on both sides. Distinction may therefore be drawn between 
four types of lines, those which are well defined at both edges, 
those which are diffused only towards the red, those which are 
diffused towards the blue, and lastly, those which are diffused 
on both sides. It is interesting to note that the lines which 
belong to the same spectral series are always of the same 
character, and that we have, for example, in this way a sharp 
series and a difltuse series belonging to each alkali metal. 
The importance of these characteristic appearances of the lines 
is thus manifest, and in all spectral work care should be taken 
to note the character of all the lines measured, because in any 
* Htmdlmch der S/urtrm’oA/e, vol. ii. p. 222, 
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attempt to arrange the lines in series, such observations will be 
of the greatest importance. 

These differences in character of the lines of the spectrum 
of a substance are chiefly noticeable in the case of arc and 
spark spectra. In the spectra of gases in vacuum tubes the 
lines are almost always very narrow and sharply defined ; this 
is no doubt due to the very low pressure that the gas is exerting. 
In certain cases, however, it is quite possible to meet with 
diffused lines in the spectrum of gases at low pressures. An 
interesting example of this is to be found with krypton and 
xenon ; ^ when the oscillating discharge is passed through these 
gases, unless the pressure is below a certain small amount, the 
whole spectrum appears confused, and, indeed, almost con- 
tinuous. If the pressure is then slowly reduced, the lines 
begin to appear upon a more or less continuous background, 
and, gradually increasing in brightness, they finally become 
quite sharply defined upon a black background. All the lines 
do not become equally well defined at once, some of the lines 
remaining more or less hazy until the pressure is reduced to 
a very low value. These results are very interesting, and not 
easy of explanation. The effect in certain cases of a small trace 
of impurity upon the lines of a. spectrum is also very curious. 
It will very often be noticed that the presence of a small 
quantity of impurity masks the appearance of certain lines of a 
spectrum ; for example, in the case of argon the admixture of 
a small quantity of impurity frequently masks the green lines 
^ven by this gas. This region appears confused, no definite 
lines being visible, while the red, orange, and blue lines are 
quite distinct ; the removal of the impurity brings out the green 
lines at once. 

The Structure of Spectrum Lines.— The structure of 
spectrum lines has been several times mentioned on other 
pages in this book, but more particularly in Chapter IX., on 
the application of interferential methods to spectroscopy, for 
it is only by means of these apparatus of great resolving power 
that investigations have been possible in this direction. Michel- 
son (p. 279) investigated a great number of lines by his 
' Baly, Phil, Trans,, 202. A, 183 (1903). 
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inference apparatus, and practically found that only one, the red 
line of cadmium, was a simple line.^ 

The lines given by many metallic vapours at low pressures 
have been examined by Michelson and by others, and have 
been found to be complex. Each “line*' is composed of a 
number of radiations differing very slightly in wave-length from 
one another; generally there have been found a certain number 
of principal components, and a number of accompanying satel- 
lites. Perhaps the most complete resolution of the lines in a 
spectrum has been effected by Lummer and Gehrcke,® (see 
p. 313), in the case of mercury vapour, who obtained the 
following results 

1. The less refrangible yellow line, X = 519^1 ^ moderately 
broad principal line with five clearly separated satellites of 
different breadths and brightnesses. Two of the satellites 
appear to be double. 

2. The more refrangible yellow line, X= 5730; a moder- 
ately fine principal, line very little brighter than a very closely 
situated satellite. Then come three satellites of weaker intensity, 
and then a broader and weaker satellite, which is probably 
double, 

3. Bright green line, X = 5461 ; a probably triple principal 
line, five bright and two weaker satellites, of which one appears 
to be double. 

4. Dark green line, X = 4916; a principal line with two or 
more closely situated satellites. 

5. Blue line, X = 4350 j a great number of very fine and 
sharp satellites lying on each side of the principal line ; Lummer 
and Gehrcke (counted seven, but most probably there are 
more. 

6. T.ess refrangible violet line, X = 4078; one principal 
component with diffused edges and one narrow and one broad 
satellite. 

7. More refrangible violet line, X = 4046 ; a diffuse double 
principal line. 

The method by means of which Michelson arrived at his 

^ Quite reccntlv this line has been found to be a close double. 

® Re?‘/, lUrichfe^ 2. n (1902), 
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results is given fully in Chapter IX., so that these only need 
be given here. 

Ifyiirogen,—With. hydrogen at a pressure of about i mm., 
the red line at A = 6563 is a double line the two components 
of which have a ratio of brightness of 7 : lo; the distance 
between them is 0-14 A.U., and their half width is 0*049 A.U. 
The blue line at A = 4860 is again double, with the same ratio 
of brightness of the two components; the distance between 
them is o*o8, and their half-width 0*057. 

Oxygen under reduced pressure , — The orange red line 
A = 6158 is a triple line ; the components have their intensities 
in the ratio i : i ; 1 and their distances apart are 1*51 and 0*84 
respectively, and their half-width is 0*027. 

Sodium, The results obtained from metallic sodium in 
the vacuum tube were so varied tliat a complete study was 
impossible. The following results were obtained under very 
low pressure and a temperature of 250° C. The D lines are 
both very close pairs, each pair being separated by about 
0*02 A.U. ; the intensities in each being about 10 : 8. Each of 
the components of the double yellow-green line at mean wave- 
length A = 5687 is a single line. The orange-red double at 
A = 6156 seems to have a feeble component, and the doubles 
at A = 5150 and 4982 are very similar. 

Some observations were made on zinc vapour in 
vacuum tubes, but the necessary temperature melted the glass. 
The red line at about A = 6360 -is single, and has a half-width 
o 0013. The blue line at about A = 4811 has a small 
component nearly 0*2 A.U. distant. 

Cadmium in a vacuum tube at a temperature of 280° gives 
a red line at A = 6439, which is quite simple, with a half-width 
o o 0065. The green line A = 5086 is a close double whose 
intensity ratio is 5 : i ; the distance between the components 
IS 0*02 2, and their half-width 0*0048. The blue line at A *= 4800 
is similar. 

m///«w.--Thalliuin chloride was used in vacuum tubes, 
he green line gives a visibility curve, which can be explained 
by the line having two components, each of which is double. 
ercury. The yellow line at A = 5790 possesses a 
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companion of feeble intensity at a distance of about o'24 A.U. j 
the line itself consists of a principal component with a faint 
double near to it. The intensities appear to be about in the 
ratio 10 : 2 : I, and the distances 0-12 and 0-012 A.U. re- 
spectively. The yellow Ime at A. = 5770 appears to be a 
double whose components have the ratio of intensities 311 
and are 0-019 A.U. apart. The green mercury line A, = 5461 
is most complex ; the constituent lines are so fine that Michelson 
was able to extend his visibility curve to 400 mm. difference 
of path. The curve showed that the line is at least c[uadruple, 
with one bright component and three weaker ones. The violet 
line at X = 4358 appears to have a faint component at a 
distance of 0-16 A.U. 

It must be remembered that these values of Michelson’s 
were obtained from his visibility curves j when one of these 
was obtained for a particular source an equation was found 
which as nearly as possible expressed the results, and from 
this the distribution of intensity in the source was calculated. 
Fabry and Perot, with their interferometer, were able actually to 
see the lines resolved and to measure their distances from one 
another, but not their breadths. Fabry and Perot’s apparatus 
and method has been described at length in Chapter IX., and 
the results they obtained were as follows : — 

The green line of thallium at X = 5439 is triple, having two 
equally faint components on the red side, tlieir distance being 
o'oa and 0-12 A.U. respectively. The green ray of mercury 
is triple, the distance of the two weaker components being o-i 
and 0-009 A-U. respectively; both these components are on 
the red side of the principal line. 

The yellow ray at X = 5791 has a weak component on the 
blue side at a distance of 0-14 A.U. 

The yellow ray at X = 5770 has a weaker component on 
the red side at a distance of 0-05 A.U. 

Cadmium. The red ray is perfectly simple, but the green 
ray is double, having a weak component on the more refrangible 
side at a distance of 0-03 A.U. The blue ray has two faint 
components of equal brightness, and both at the same distance, 
namely, o-io A.U. 
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These values .differ to a slight extent from Michelson’s 
results, but Fabry and Perot point out that their results give, on 
calculation, curves which quite agree with the visibility curves 
obtained by Michelson. 

Recent work, however, shows that the complexity of 
radiations is even greater than evidenced by these two re- 
searches, In the case of the mercury radiations is this 
especially true. Lummer and G^hrcke,^ with their new inter- 
ferometer, were able to bring still higher resolving power, and 
thus to see still further into the structure of the lines. No 
measurements are, however, possible with this apparatus ; their 
results were given above. 

The Breadth of Spectrum Lines.-^It has been long known 
that the width of the spectrum lines of a substance increase 
when the pressure is increased ; this was first noticed by 
Angsbom^ in 1853 in the case of hydrogen, and further 
examined by many other observers, among the earliest of whom 
may be mentioned Wiillner,® and Lockyer and Frankland.'* 
That the lines do not, however, become infinitely narrow as the 
pressure falls to zero has been shown by Michelson, who has 
carried out by means of his interferometer very valuable 
quantitative work upon this subject. In Chapter IX. will be 
found an account of Michelson’s method of determining the 
visibility curves of the lines from which he calculates the “half- 
width.” If the intensity distribution of a line of finite width 
is plotted on a curve of which the abscissae x are oscillation 
frequencies and the ordinates some function of x, then 
Michelson defines the half-width of the line to be the value of 
when the function of a; = i Michelson found that the 
distribution of intensity cannot be very far different from that 
required by Maxwell’s law, namely, that — 

ff>{x) = e 

where e is the base of natural logarithms and / and a are 
constants. 


^ See p. 313. 

® 187. 339 (1869). 

* Proe. Roy. Soc., 17. 288 
(1880), 277. 


® Pojg. Aftn., 94. 141 (1855). 
(1869); see Schuster, Brit. Ass. Report 
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III Lord JR^ayleigh 1 showed from the standpoint of 

the kincftit. tioory that the motion of the molecule in the line 
of a broadening of the lines of a spectrum. 

Several oUkt explanations of the finite breadth of a line have 
been aclvancct , but has shown that at all events the 

Dopi>l<-‘^ the principal cause at work when the 

density thereby neglecting the effect of collisions. In 

a first paper Michclson, starting from Rayleigh’s equation, 
arrives at the exj^ression — 


where *A is the dilforence in path (between the two interfering 
light hc^ams in his apparatus) when the visibility has fallen to 
hair tht^ value it had at the centre of the line, V is the velocity 
of light, 7 ' is the velocity of translation of the molecules of the 
substan<x‘, ami X. is the wave-length. From this we have, 
appi'oxiuialely 

A V 


If we take for hydrogen 7^ = 2000 metres per second, 
then - 

A 

^ = 22500. 


Again, if wt? ignore the difference of temperature between the 
various suhstaiu:t\s examined, the velocity v will vary inversely 
as the scjuare root of the atomic weight, and the number of 


waves 



the ditforence of path at which the visibility is ^ 


will be 22500^^ ;//, where m is the atomic weight. Michelson 
tabiiliiles the n\sultH he obtained on the structure of the lines 
f ^ 

giving tlu^ values o both found by experiment and calculated 


from the fonnula. 


* y »////. 21 2yS (1S89). 

® h\iv am ai'foutil of the theory of the Doppler principle, see pp. 535, 
et siy. 


/'Ail. .V./A'., 34 . 2«o (1892). 



432 


SPECTROSCOPY 


Substance. 

A.W. 

1 

1 ^ 

1 ^ 

\ 

1 ^ Cillciilatcil. 

Hydrogen 

1*0 

656 

19*0 

30000 

22500 


1*0 

486 

8*5 

18000 

22500 

Ox^en 

16*0 

616 

34*0 

55000 

80000 

Sodium 

23*0 

616 

66*0 

107000 

108000 

99 

23*0 

589 

80*0 

133000 

loSooo 

99 

23*0 

.567 

62*0 

109000 

108000 

99 

23*0 

515 

44*0 

85000 

108000 

99 

23*0 

498 

55*0 

IIOOOO 

108000 

Zinc 

6S'5 

636 

66*0 

104000 

IS2000 


6S*S 

481 

47*0 

98000 

182000 

Cadmium 

112*0 

644 

138*0 

215000 

238000 


112*0 

509 

120*0 

236000 

238000 

ij 

112*0 

480 

64*0 

134000 

238000 

Mercury 

200*0 

579 

230*0 

400000 

3x7000 


200*0 

577 

154*0 

270000 

317000 

}> 

200*0 

546 

230*0 

420000 

3I700Q 

1* 

200*0 

436 

100*0 

230000 

3x7000 

Thallium 

203*6 

53S 

220*0 

400000 

322000 


In a later paper ^ Michelson gives some further results, in 
which he includes the substances just given, but he expresses 
the values as molecular velocities ; in the table Vx are those 
calculated from the square root of the atomic weight, and zvj 

those found from the observations ° 


Substance. 


Hydrogen 
Lithium . 
Oxygen . 
Sodium . 
Magnesium 
Iron . 
Cobalt . 
Nickel . 
Copper . 
Zinc . . 

Palladium 
Silver 
Cadtnium 
Gold. . 
Mercury . 
ITialUam 
Bismuth . 


[ A.W. 

VI 

I 

2000 

7 

800 

16 

500 

23 

400 

24 

400 

56 

260 

59 

260 

¥ 

260 

°3 

250 


250 

106 

190 

108 

190 

II2 

190 

196 

140 

200 

140 

204 

140 

2X0 

140 


r/a 


1500 

1200 

800 


400 

650 

500 

560 

500 

450 

450 

350 

250 

220 

225 

140 

no 

ISO 


Astrophys,/oum,i 8. 251 (1896). 
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It must be remembered that no allowance is made for 
Mup<^*raturc in these tables, because of the great uncertainty 
•I >out its magnitude; under these conditions the agreement 
woon theory and fact is very striking. 

^ In or<U‘r t<) show conclusively that the effect of density can 
in.^glc<'te( in the above results, Michelson determined the 
atnotiiit oi broadening of the lines of hydrogen caused by 
in< leasing tiie pressure, thereby increasing the number of 
innlcHniliir collisions. These collisions tend to limit the 
oi rt^gular vibrations on account of the more or less 
a *rnpt <diangc*s of phase, amplitude, or plane of vibration 
pfcHliu'od, causing a widening of the line. The “half- 
>r* 'ail tbs oi the hydrogen red line at different pressures were 
icunU to be as follows 


I*resswre in mm. 

Hnlf-breadth in A.U. 

90*0 

0*128 

71*0 

0*Il6 

47-0 

0*095 

23*0 

0*071 

13-0 

0*056 

9*0 

0*053 

3*0 

0*050 

0*5 

0*048 


Ttifse results show that below a pressure of 5 mm. the effect 
of the (collisions has almost entirely ceased, so that with 
dec'roasing pressure a limiting breadth of the hydrogen red line 
(ami others too) is reached, and this limiting breadth is due to 
the 1 )<>ppler <^tleel ; that is to say, it depends upon the substance 
itst?lf and upon the temperature, 

3 M itdudson (U^tUioes an expression for the breadth of spectrum 
Hites on thir assumption that this is the sum of the separate 
wtiUhs due (1) to the motion in the line of sight, (2) to the 
Unutation of the free path of the molecules. We have then 
Z 23 S, + 8.J, where 8, and 8a are the widths due to (i) and (2) 
r<*s|Ki<Uively. 

Pirst the motion in the line of sight. Rayleigh's 
r. I*, c. 2 F 
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formula,^ as modified by the definition of visibility,- be- 
comes— 

Visibility = ^ "V a ' > 


where X is the difference of path in the interferometer, ue. the 
abscissae on the visibility curve, and v and V are the velocities 
of translation of the molecules and of light respectively. If, 
again. A, as before, is the value of X, for which the visibility 
becomes half the value it had when 


then A = 

IT V tt V 

Now, as was shown on p. 277, the half-breadth of a line 
measured in oscillation frequencies was equal to , or in 


losf 2 

wave-lengths to X®, so that for the practical complete 
breadth of the line we have — 


8 . = 


2 log^^, 

ttA 


On substituting the above value of A, 


then 


81 = 2 Virlog,2 . yX 

V 

= 3^ very nearly. 


For the second source of width of tlie lines Michelson 
deduces the expression — 

j. _ X® V 

p ‘ V’ 

where p is the free path of the molecule. 

From these two values for 8, and 8j we have— 




To find the effect of temperature and pressure changes 
according to this formula, we may put w = the molecular velocity 


* Loc. cit. 


See p. 272. 
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at absolute temperature and = the corresponding velocity 
at ^0 C.), m = the molecular weight, d = the actual density, 

and the standard density at and p the length of free path 
at d ^^ ; we then have — 




V- 


A. 



p d^f 


In view of the imperfect assumptions made it will be better 
not to attach too much weight to the value of the constants, 
but we may examine the general formula — 

b 

Mic'.helson experimentally verified this formula to a certain 
extent, and found that it may be considered as a very good 
first approximation to the truth. I'he following points seemed 
to be well established : — 

I. When the pressure is below one-thousandth of an 
atmosphere the second term, Vkd^ may be neglected. 

3. Under this condition the width of the line is roughly 
proportional to the square root of the molecular weight. 

3. The width increases as the temperature rises, the rate 
being not very different from that of the square root. 

4. When the pressure is increased, the width increases in a 
nearly linear proportion. 

5. 'rhe rate of this increase varies considerably with different 
substances, but in general it is more rapid the smaller the 
molecular weight, and while the general results can scarcely be 
said to prove that the rate is inversely as the square root of the 
molecular weight, thcjy do not differ much from this pro- 
portionality. 

6. At low pressures the proportionality with A. is not proved, 
there being about as mmdi evidence for an increase of 8 with A. 
as for a decrease. 

7. At high pressures the width increases with wave-length, 
but the exact law was not determined. 

8. 'Phe nature of the surrounding gas or vapour is of 
secondary importance. 
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Michelson deals further with the possible broadening due to 
the direct modification of the period of the vibrating atoms in 
consequence of the presence of neighbouring molecules. He 
points out that at pressures below one atmosphere the len^h 
of the free path is of the order of one hundred times the radius 
of the sphere of action of the molecules. It therefore appears 
that the number of free vibrations is also at least one hundred 
ti'mps as many as those whose period is modified by colli.sion, 
and the eflFect of these modified vibrations would be correspond- 
ingly small in broadening the spectral lines except at great 
; at these greater densities it seems not unlikely that 
the mutual influence of the molecules may be of great 
importance. 

Again, where the broadening of the line is unsyinmetri(‘al, 
Michelson shows that such broadening can be explained l)j' 
certain assumptions concerning the law of action of the mole- 
cules on their rates and intensities of vibration. All such lines 
should, starting from zero pressure, broaden symmetrically al 
first, and the asymmetrical broadening should not appear until 
the pressure is very considerable. 

Michelson, lastly, makes a very ingenious application of his 
equation for the breadth of lines to determine the temperature 
of the ordinary discharge through hydrogen in a vacuum tube. 
He examined the light from this tube in the interferometer, and 
plotted the visibility curve ; he then heated the tube through 
250°, and again plotted the curve. In the latter case the dis- 
tance at which interference was still visible was about three- 
quarters the distance at the lower temperature. Assuming the 
lower temperature to be 50° C. = 323® abs., then the sec'oml 
temperature was about 573® abs. The corresponding ratio of 
molecular velocities is about VMii = T> which agrees with thc‘ 
result of the experiment. If the first temperature had been 
7000®, the second would have been 7300° at most, and the 
molecular velocity ratio = 0*98, which is so near unity 

that it would not have been possible to detect the change in 
the two visibility curves. 

The Length of Lines. — The relative intensity of certain 
lines in a metallic spectrum is often seen to change when the 
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pressure of the air or the nature of the discharge is altered.' 
The length of the lines will give us considerable information 
as to how these will behave under different circumstances. 

If an image of the electric spark between metal poles be 
focussed by means of a lens on the slit of a spectroscope, so 
that the direction of the spark is parallel to the slit, it will be 
seen at once that all the lines do not stretch right along the 
spark from one electrode to the other, Lockyer and Frank- 
land concluded that the distance each metallic line reached 
out from the electrode would give some idea as to how the 
line would behave in the sun. Lockyer followed this up with 
a series of investigations on the length of lines in spark and 
arc spectra, and has obtained some extremely important 
results, both as regards solar spectroscopy and also in con- 
nection with the behaviour of the lines of different lengths. 
In a first paper*' he observed the spectra of many metals, 
amongst which were lithium and sodium; magnesium, zinc, 
and cadmium; strontium and barium; lead, antimony, etc. 
It must be remembered that the length of the lines does not 
necessarily depend upon their strength or brightness, for many 
faint lines are very long, and many strong lines very short. 
By a long line, therefore, is only meant a line which reaches 
across the whole spark, quite independently of its intensity ; 
similarly in the case of a short line. One example of this may 
be given from the spectrum of tin, in wdiich the line at 
A. = 5630 is the longest line of all; this line, however, is a 
faint one, and the lines near it, at X = 5S88’S and X rr. 5562-5, 
are much brighter, but are quite short. If we consider for 
a moment the possible conditions prevailing within the electric 
spark in air between metal poles, it is clear that close up to 
the poles we shall expect to find an increased density of 
metallic vapour, and an increased temperature ; we are justified, 
therefore, in assuming that the short lines of the spark spectrum 
are due to these conditions. 

As we shall certainly find these conditions more developed 

» Cf. Schuster, RrU. Ajts. Re/>ori (1880), 288. 

* Proc. Rcy, Soc., 18 . 79 (1869). 

P/iiL 'Tyans., 168 . 253 (1873). 
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in the centre rather than at the edges of the electric arc, so 
we can investigate the different lengths of lines in the arc 
spectra of substances by using a horizontal arc, and focussing 
an image of it upon the vertical slit of an ordinary spectro- 
scope. This, however, is not suited for the examination of a 
spark, because the work on the structure of tlie spark by 
Schuster and Hemsalech, and by Schenck,^ has shown us that 
there are present alternate impulses from each electrode which 
only reach a short way across the spark gap; it is to these 
that the short spark lines are due, and therefore in order 
to differentiate between these and the other lines, the spark 
must be observed along its length. For this purpose an 
image of the spark must be focussed upon the slit, and parallel 
to it. 

In Fig. 152 is reproduced a portion of the arc spectrum of 
iron which shows the different lengths of the lines. 

Amongst the conclusions drawn by Lockyer in his papers 
upon this subject,® the following may be mentioned : — 

On a reduction of pressure some of the shorter lines rapidly 
decreased in length and disappeared, while the longer lines 
remained visible, and were sometimes hardly affected. It 
was found, for example, that in the case of zinc the lines at 
X = 4924 j X = 4911, and X = 4679 always disappeared when 
the pressure was reduced to 30 mm., while the long lines at 
4810 and 4721 were almost unaffected; a rise of pressure to 
34 mm. was sufficient to restore the lines. 

In the case of the spark spectra of chemical compounds 
under the same conditions, only the longest lines are to be 
seen, the short lines being obliterated, while the air lines 
remain the same. The case of zinc may again be given ; in 
the spark spectrum of zinc chloride tlie bright but short zinc 
lines at X = 4923 and X = 4911 are wanting, while the equally 
bright long lines at X = 4809, X = 4721, and X = 4679 are 
present. The longest aluminium lines are also to be seen in 
the spark spectrum of the chloride, namely, the lines between 
* See Chapter XIII., p. 378. 

P / iil . Traits., 168 . 253 (1873) ; 168 . 639 (1873) ; 164 . II, 479 (1874) ; 
and 164 . II, 805 (1874). 
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Fraunhofer’s H and K, while the brightest lines in the green 
and blue are wanting. Many other cases were observed. 
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In the halides of lead, strontium, barium, magnesium, and 
sodium, the same facts were observed, and, further, Lockyer 
proved that the more easily is a compound dissociated, so 
do more shorter lines of the metal appear ; so that if we spark 
the salts of a metal under exactly the same c6nditions, the 
number of the lines of the metal which appear in the spectrum 
of each salt, or the length of the shortest lines which appear, 
can be used as a scale of instability of the salt. To take the 
case of the lead halides — the fluoride shows eleven, the chloride 
nine, the bromide six, and the iodide four of the lines of 
metallic lead. The temperature and the strength of the spark, 
of course, determine the number of the lines visible, and at 
the lowest temperatures only the longest lines make their 
appearance, and as it is increased more lines appear, but 
always in order of their lengths. 

The same is true of alloys, which behave in exactly the 
same way as chemical compounds ; in an alloy which contains 
a very small proportion of one constituent, only the longest 
lines of that constituent are to be seen. It is possible to 
prepate an alloy of magnesium which only shows one mag- 
nesium line, namely, the longest of all the lines of this element. 
Lockyer and Roberts- Austen ^ based upon these experiments 
a method of quantitative analyses of alloys by spectrum obser- 
vations, Lockyer then considers these results in connection 
with the solar spectrum, and points out that if an element 
were present in the solar atmosphere in small quantities, we 
should only expect to see the longest lines in its spectrum. 
We have an example to hand of this in the case of aluminium ; 
in the spark spectrum of aluminium chloride, as was stated 
above, only two lines of this metal are to be seen, namely, the 
two longest lines at A =* $^62 and A = 3944 j these are the 
only two lines of aluminium visible in the solar spectrum. 

Lockyer has further shown that on reducing the temperature 
it is the longest lines which remain visible; the arc spectrum 
of zinc, for example, does not contain the two short spark 
lines at A =s 4924 and A = 4911 referred to above ; again, the 
short spark lines of cadmium at A = 5377 and A = 5336, and 
^ PAil, Trafis., 164 . 495 (1874), 
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the short magnesium line at X = 4481, do not appear in the arc 
spectra of these metals. A further point is that it is the 
longest lines in the arc which first show self-reversal ; ^ this is 
only what we should expect from the origin of self-reversal, 
namely, the absorption by the outer sheath of metallic vapour 
round the arc of certain rays which are emitted by the central 
core. The reversal of the lines of various spectra has been the 
subject of lengthy and important investigations by Liveing and 
Dewar, whose results in the main confirm the facts discovered 
by Lockyer. 

Plurality of Spectra. — ^Thatthe same substance can present 
two entirely different spectra has already been referred to in 
the section dealing with the filling of vacuum tubes with gases, 
where it was pointed out how certain gases give one spectrum 
when illuminated by the ordinary discharge from an induction 
coil, and a second when a Leyden jar is placed in parallel 
with the vacuum tube. The first research of importance 
on the question of the plurality of spectra was by Pliicker 
and Hittorf,® who showed that the same substance can give 
two different spectra. They proved this especially in the case 
of nitrogen, which they found to give a bright line spectrum 
when a jar is used, and a banded spectrum when the ordinary 
discharge passes through a vacuum tube of the gas. There 
is also to be observed a second banded spectrum, which 
is visible only in the negative glow in the vacuum tube ; 
further, Pliicker and Hittorf considered that the positive band 
spectrum of nitrogen consists of two superimposed band 
spectra. Since the appearance of this paper a great deal of 
work has been done by various people upon this subject, and 
many cases of this plurality of spectra have been discovered, 
but the real meaning of these is not known. 

The most important cases of this phenomenon known at 
the present time are that of nitrogen, already mentioned, also 
oxygen, chlorine, bromine, and iodine. 

As regards nitrogen, the banded spectra can be obtained quite 
readily by passing the ordinary discharge from an induction 
coil through a vacuum tube containing air or nitrogen. The 
* See p. 446. ® Phil, Trans,^ 166 . i (1865). 
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capillary portion of the vacuum tube glows with a fine rose 
light, which gives in a spectroscope the positive band spectrum 
of nitrogen. This consists in its entirety of a series of bands 
of fine lines in the red and orange, which show a very charac- 
teristic break in their regularity at one point in the deep 
orange; in the blue violet occurs a series of bands of 
fine lines, each band being degraded on the more refrangible 
side. The bands in the orange have not exactly the same 
appearance as those in the blue, and it was for this reason that 
Pliicker and Hittorf considered that the two sets of bands 
belonged to two different spectra. Moreover, they succeeded 
in obtaining a vacuum tube of nitrogen which, when the 
ordinary spark was passed, showed the series of bands in the 
red extending with increasing intensity into the blue, and when 
the jar discharge was passed showed a series of bands in the 
blue extending with decreasing intensity towards the red. The 
spectrum seen in the blue glow round the negative pole is quite 
different from the positive spectrum ; the bands are degraded 
towards the blue, but are in quite different positions from the 
positive bands, and have quite a different structure. 

In reference to Pliicker and Hittorf’s contention that the 
positive spectrum really consists of two superimposed spectra, I 
have several times observed a curious point in the preparation of 
argon. When argon is separated first from the atmosphere it 
always contains a small quantity of nitrogen, which is removed 
by mixing the gas with oxygen and passing sparks through the 
mixture over potash solution, when the nitrogen combines with 
the oxygen to form oxides, which dissolve in the potash ; the 
excess of oxygen is then removed by phosphorus. Sometimes 
the sparking process. has not been carried on for quite long 
enough, so that a trace of nitrogen is still left, and then on 
filling a tube with the gas the nitrogen shows brilliantly. The 
negative band spectrum, however, is then not to be seen, but 
only the positive band spectrum, which now is separated into 
two portions, the red set of bands in the capillary portion 
which glows with pure brick-red colour, and the blue bands in 
the negative glow; no argon lines are seen. 

Oxygen is a second instance of an element which presents 
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a great number of spectra. These spectra were examined by 
Schuster,^ who describes four different emission spectra as 
follows : The elementary line spectrum (first mapped by 
Pluckcr“), which is obtained when the jar discharge is sent 
through oxygen \ the name of “ elementary line spectrum ” 
has its origin in the fact that this spectrum is given by oxygen 
with the spark of highest temperature, and therefore it might be 
considered as due to a more dissociated oxygen molecule ; it is 
a complex line spectrum. The compound line spectrum is given 
by oxygen when the ordinary discharge is passed through it in 
vacuum tubes \ this spectrum, which was discovered by Schuster, 
has been the subject of a complete investigation by Runge and 
Paschen,* who have been able to detect harmonic series in it, 
and hence have given it the name of “ series spectrum.” The 
third spectrum of Schuster’s is the continuous spectrum, which 
is to be seen in the phosphorescent glow which appears in the 
wide portions of the vacuum tube when a very weak discharge 
is used. To my mind, how^ever, it is doubtful whether this, 
the phosphorescent glow, is really due to the element oxygen, 
because it does not make its appearance if great care is taken 
against the presence of nitrogen. If the oxygen is quite pure 
there is no glow to be seen, but the presence of a very small 
amount of nitrogen is sufficient to produce it. The fourth 
oxygen spectrum is that of the negative glow, first accurately 
described by Wulliier,'* This is a banded spectrum, with three 
bands in the red and two in the green ; these bands can be 
resolved into lines. 

In addition to these we have two absorption spectra, of 
which one gives the A, B, and a bands in the sun’s spectrum, 
and the second was discovered by Jansen.® Then, further, we 
may include the absorption spectrum of ozone,® so that there 
are six or seven spectra due to oxygen. 

* PhiL Traf/s,, 170 , 37 (iH/y). 

•- Po^i,%r. Ann., 107 . 518 (1859). 

“ fFM/. Aim., 61 . 641 (1897) ; aiitl Aslrophys. Journ., 8. 70 (1898). 

* Pogg. Ann., 144 . 481 (1872). 

* Prit. Ass. Ripor/ (1888), 547. 

“ IlartlL'y, 'Trans. Chan. 60c., 39 . 57 (i 881). 
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Of the halogens iodine is the one which has been most 
studied, having been made the subject of a complete investi- 
gation by Konen.^ 

Amongst the substances which should be mentioned in this 
section are the new monatomic gases — argon, krypton, and 
xenon, which give two completely different line spectra, one 
with the ordinary discharge, and the other with the jar dis- 
charge ; then, again, are the much-discussed spectra of carbon 
and of hydrogen. There has been considerable controversy 
about the former case, which cannot be entered into here fully 
for want of space, but an excellent resumk of the work up to 
date is contained in Schuster’s report on the Spectra of the 
Metalloids in 1880.® There are known the following spectra : 
A line spectrum, a band spectrum, known as the candle or 
Swan spectrum (after the discoverer), a second band spectrum, 
usually called the carbonic oxide spectrum, and a third band 
spectrum, usually called the carbon nitride or the cyanogen 
spectrum. The battle has really been fought over the second 
on the list, the Swan spectrum ; there is no room for any doubt 
that the first or line spectrum is due to carbon itself, nor that 
the last is due to cyanogen. These spectra may readily enough 
be seen — the line spectrum when the jar spark is sent through 
carbon monoxide or dioxide, the Swan spectrum at the base of 
every candle or gas flame, or best in the inner cone of a 
“ roaring ” Bunsen burner ; the third may be seen by passing 
the ordinary electric discharge through carbon dioxide in a 
vacuum tube, and the fourth in the flame of cyanogen in the 
air, or better in the spectrum of the electric arc between carbon 
electrodes in air, when it is seen along with the Swan spectrum. 

The trouble about the Swan spectrum till recently lay in 
the question as to whether it was due to carbon itself or to a 
hydrocarbon. A great number of experiments were made, but 
the question never was finally decided. The second band 
spectrum was assigned to carbon monoxide, because both this 
gas and carbon dioxide were found to give it in vacuum tubes, 
and the latter is known to be much the more unstable of the 

' WUd. Amu^ 66 . 257 (1898). 

“ Brit, Ass, RepoH{\^(S)^ 258. 
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:wo. I found, however, in 1892 that if a vacuum tube is filled . 
with absolutely pure carbon monoxide it gives the Swan 
spectrum and not the second band spectrum, the admixture 
of the slightest trace of oxygen being sufficient to destroy 
the spectrum and substitute the second band spectrum. It 
seemed at once that the explanation of the spectra was simple 
on these grounds ; the line spectrum being that of the element 
carbon, the Swan spectrum that of carbon monoxide, and the 
second band spectrum that of carbon dioxide, since it was 
given by carbon monoxide and oxygen mixed, and by carbon 
dioxide itself. For these reasons the second band spectrum was 
spoken of as the carbon dioxide spectrum in a note about the 
spectra of mixed gases.^ Smithells,^ approaching the question 
from another side, that of combustion, has made experiments 
on the spectra of the two gases in vacuum tubes, and shows 
that the Swan spectrum is given by carbon monoxide when it 
is absolutely pure. It may be stated at once that the experi- 
ment is very troublesome to carry out properly on account 
of the difficulty in the preparation of absolutely pure carbon 
monoxide. The best way to prepare it is by the action of 
strong sulphuric acid on strong formic acid. Both of the acids 
should be freed from dissolved air by keeping them in vacuo 
for a time; a strong test-tube thoroughly cleaned with hot 
chromic acid and water and thoroughly dried is filled with 
filtered mercury and inverted over a dish of the same metal. 
These precautions are necessary to ensure there being no air 
in the tube between the mercury and the glass. Some of the 
sulphuric acid is then passed up the tube by means of a bent 
pipette, and then a few drops of the formic acid. A quantity 
of the gas is then evolved, which can be introduced into the 
tube in the manner described on pp. 394 ^f these 

precautions are taken, one always obtains the Swan spectrum, 
the discharge glowing with a brilliant green colour. It seems, 
therefore, that Smithells is quite justified in his^ conclusions 
that the Swan spectrum and so-called carbonic oxide spectrum 
are due to the monoxide and dioxide of carbon respectively. 


* Baly, J’/ii/. 


Mag. (S), 86. 200 (1893). 
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It has been further shown that when a vacuum tube is filled 
with pure cyanogen only the cyanogen banded spectrum is 
obtained, with no trace of the Swan spectrum, and that 
the presence of oxygen is necessary for the appearance of 
the banded spectra.^ Further, Konen ® (see p. 384) has 
endeavoured to prove the same point by examining the 
spectrum of the electric arc between carbon poles under the 
surface of oxygen free liquids. He did not succeed, however, 
but admits tliat his experiments were not conclusive. 

Hydrogen is a gas which presents two spectra, one a 
simple line spectrum, which is familiar to every one who works 
with vacuum tubes, containing four lines in the visible region, 
and a second compound line, or, rather, secondary line spectrum. 
This is also seen in vacuum tubes filled with hydrogen, and 
there has been considerable doubt as to whether it is due to 
hydrogen, and recent work by Schuster seems to point to its 
being due to water vapour. 

One other case of this plurality of spectra merits mention, 
and that is the existence of the beautiful banded flame spectra 
of certain metals, as described by Hartley and Ramage, which 
have also been measured more accurately by Basquin in the 
electric arc between metal poles in an atmosphere of hydrogen. 
That they are due to the metals themselves there seems no 
doubt (Basquin suggests a hydrogen metallic compound), but 
very little appears to be known about them. 

These cases of plurality of spectra serve to show what an 
interesting field of work lies here ; no explanation has yet been 
found of the curious facts described, and there is room for a 
great development of our knowledge in this direction. 

Reversal of Spectrum Lines. — By the reversal of a 
spectrum line is meant the process by means of which the line 
appears black on a bright background. This reversing process 
may be obtained in two ways : ist, by causing a beam of 
light from an incandescent body to pass through the vapour 
of the substance, when the absorption or reversed lines are 
seen upon a continuous spectrum as background; 2nd, when 


* Baly and Syers, PAit. 


(6), 2. 386 (igoi). 
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the centre of a glowing mass of vapour is at a greater density 
than the outer layers, as, for example, in the arc. In this 
case the central portions emit a broadened line owing to the 
increased density, while the outer layers absorb some of these 
rays, and as they are much less dense than the central portions, 
they form only a very fine absorption line, so that an effect 
is produced of a fine black line in the centre of a broader 
bright line. This reversal is due to the difference of density of 
the two layers i if the emission and absorption were the same 
no lines would be seen. This phenomenon is known as self- 
reversal, and is especially visible in the spectra of the arc, 
where the necessary conditions most frequently occur. The 
ultra-violet lines are generally most easily reversed, and in 
photographs of the arc spectrum of iron it will generally be 
found that the principal ultra-violet lines are self-reversed. 

A great deal of work upon the reversal of lines has been 
done by Liveing and Dewar, and by Lockyer. Into this there 
is no need to enter, but certain points in connection with* self- 
reversal may be considered. It will nearly always be found 
that self-reversal begins with the lines in the ultra-violet, and 
extends further into the visible spectrum as the conditions 
therefor are improved. Liveing and Dewar,^ however, point 
out that this is not the case with lithium, whose lines reverse in 
the order — red, orange, blue, green, violet. 

In connection with this the discovery of the stars which 
have both bright and dark lines is of great interest. A con- 
siderable number of these stars have been discovered since 
Wolf and Rayet first noticed the existence of three in 1867. . 
These stars show the hydrogen spectrum, and recently 
Campbell'-* at the Lick Observatory has found that the 
hydrogen lines are in part dark and in part bright ; that is to 
say, the hydrogen lines a and ^ are bright, while all the others 
are reversed.'* 

\Vhen the arc spectrum of the iron is photographed, 

* Proc, Rt^, Sor.f 36 . 76 (1883). 

® Astrophys, Jouni,^ 3 . 177 (1895), and, also, Schemer’s Astronomical 
Spectroscopy^ Frost’s Translation, pp. 268, et. seq, 

® See also Kayser, Astrophys, /ourn,, 14 . 313 (1901). 
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particularly in the higher orders of a grating, very many lines 
vfill be found to be self-reversed; on the negative they appear 
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as black lines with a very fine transparent centre. When the 
line is symmetrically reversed, the measurement of their centre 
is readily enough made by fixing the cross-wire in the eyepiece 
upon the centre of the reversed portion. In certain cases 
unsymmetrical lines are reversed, and then unsymmetrical 
reversal is obtained, and considerable errors in determination 
of the position of the line will ensue unless care be taken in the 
setting of the cross-wires. When the vapour of the substance 
is very dense in the arc, ue. when a great deal of the substance 
is used, at times a multiple reversal shows itself; JewelP 
explains this by the presence of a series of concentric layers 
of vapour of maximum and minimum density round the arc. 
One photograph of JewelFs showed four reversals in the 
magnesium line at X = 2852 ; Kayser is inclined to view this 
effect on the plate as being due to a succession of changes of 
position of the reversal. Liveing and Dewar say, however, 
that they have seen the effect with the eye. In Fig. 153 is 
reproduced a portion of the arc spectrum of iron. This is 
enlarged from a photograph taken of the second order spectrum 
given by the Rowland grating at University College, London ; 
an idea of the scale is shown by the wave-lengths of the lines ; 
it is very nearly i cm. for i A.U. The self-reversal is clearly 
shown in the four principal lines. 

^ Asirop/iys. Joimi,, 8. 96 (1S96), 


T, P. C. 
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CHAPTER XIV 

THE ZEEMAN EFFECT 

In 1896 Zeeman discovered that if a Bunsen flame fed with 
small quantities of sodium chloride was placed between the 
poles of a powerful electro-magnet, and its spectrum examiiied, 
when the exciting current was turned on, the D lines 
were seen to be broadened, regaining their original appearance 
when the cunent ceased. This was also found to be the case 
with the reversed D lines obtained in the usual way by absorp- 
tion. This phenomenon, as Zeeman pointed out, is a natural 
result of H. A. Lorentz’s theory of electro-magnetic radiation. 
In this theory it is assumed Aat the chemical atom consists 
of a number of small electrically charged particles with a 
definite mass, called electrons, which are vibrating about a 
common centre, and that light consists of transverse vibrations 
in the set up by the vibrations of these electrons. When 
a substance is placed in a magnetic field, the motions of the 
electrons are influenced so that changes are made in their 
vibration periods. Zeeman pointed out that, as a simple 
result of this theory, the motions of the electrons may be 
resolved into three components, one in straight lines parallel 
to the magnetic lines of force, and the other two at right 
angles to them ; the two last may be resolved into two circular 
motions (right- and left-handed) around an axis parallel to the 
lines of force. Evidently the first rectilinear motion will not 
be influenced by the magnetic field, while on the other hand 
the two circular motions will be altered, the period of one 
being shortened and that of the other lengthened. If the lines 
of magnetic force run towards the observer, and the electrons 
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negatively charged, then the right-handed motion will be 
retarded and the left-handed motion accelerated. On these 
grounds it is easy to predict the effect on the lines of 
a spectrum. 

Let us consider, in the first place, the effect if we examine 
the light evolved from some source placed in a powerful 
magnetic field, looking along the lines of Iforce. Under these 
circumstances the first component of the motion of the 
electrons, that is to say, those electrons moving parallel to 
the lines of force, cannot emit any light in our direction, since 
they are not moving transversely to the line of vision \ these 
particles are simply moving backwards and forwards in the 
sight line, and therefore they will give rise to light waves at 
right angles to the sight line, but not in directions parallel to 
it. The two circular components, on the other hand, will give 
rise to two circularly polarised rays, and as the one circular 
component is accelerated, and the other retarded by the 
magnetic field, the two resulting circularly polarised rays will 
have different oscillation frequencies ; with a sufficiently power- 
ful spectroscope these two rays will be seen separated. Since 
the action of the magnetic field restrains one of the circular 
motions just as much as it accelerates the other, it follows that 
we should see in the spectroscope, instead of a single line, a 
doublet, whose components are situated at an equal distance 
on either side of the position of the original line, and are 
circularly polarised, one in the right-handed and the other in 
the left-handed sense. 

If now, in the second place, the light be viewed across the 
lines of force, then effects will be produced by all three 
components. The first component, that is tlie electrons 
vibrating parallel to the magnetic lines of force, will give rise 
to waves which are plane polarised, the vibrations being parallel 
to the lines of force. Since these motions are not influenced by 
the magnetic field, the oscillation frequency of the resulting 
waves will be the same as that of the undisturbed light. The 
two circular components will now be seen sideways, and the 
electrons will act as if they were simply vibrating in straight 
lines up and down, or perpendicular to the lines of force. 
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They will thus give rise to plane polarised light waves, the 
vibrations being perpendicular to the lines of force. As in the 
previous case, since the two circular motions have not the same 
period, therefore two of these plane polarised rays will be 
emitted, one having an oscillation frequency greater and the 
other less than that of the original light. When, therefore, the 
light is viewed across the lines of force, each spectrum line 
should be seen to be split symmetrically into three lines, and 
each line should be plane polarised, the two outside com- 
ponents having their plane of polarisation parallel to the lines 
of force, and the middle component with its plane of polarisa- 
tion perpendicular to the lines of force. 

With the apparatus at his disposal, Zeeman ^ was not at first 
able to split the spectrum lines into doublets or triplets, but he 
found that the lines were widened, and that the edges were 
polarised exactly in the way he expected from the theory. 
In order to view the light along the lines of force, he took an 
electro-magnet with holes bored through the poles, and so 
placed it that the axes of the holes and the centre of the 
difiraction grating were on the same straight line. Between 
the grating and the ^eyepiece were placed a quarter-wave plate, 
to convert the circular polarised light into plane polarised, and 
a Nicol prism. The plate and the Nicol were relatively placed 
in such a way as to extinguish right-handed circularly polarised 
light, and the cross-wires of the eyepiece were set upon the 
bright line as seen. When the current through the magnet 
was reversed, the spectrum line was seen to move. Without the 
use of the quarter-wave plate and the Nicol a widened line 
was seen. The quarter-wave plate and the Nicol extinguished 
the one edge which was circularly polarised in the right-handed 
direction \ on reversing the current the other edge now became 
circularly polarised in the right-handed sense, and was ex- 
tinguished, so that the line appeared to move its position. 
Similarly Zeeman was able to prove that when the light was 
examined across the lines of force, the widened line then seen 
had its edges plane polarised, the plane of polarisation being 
perpendicular to the length of the line. Michelson® was able 

» Phil, hag. (5), 43 . 226 (1S97). ® Ibid, (5), 44 . 109 (1897)- 
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by means of his interferometer to show that the components 
of a line could be separated, and afterwards Zeeman ^ succeeded 
in seeing with a grating spectroscope both the magnetic doublet 
and triplet with the cadmium line X = 4800. 

In a later paper, Zeeman^ published some results of 
measurements between the two outer components of some 
triplets obtained by viewing the light across the lines of force. 
The sharp spectra of zinc, cadmium, copper, and tin were used, 
condensed sparks from an induction coil being made to pass 
between electrodes of the particular metal, and the poles of 
the magnet were brought up as close to the spark as possible 
without disturbing it. The resulting triplets were photographed, 
the middle component being extinguished by means of a Nicol 
prism, so as to leave the two outer components free from any 
contamination, and thus more readily measurable. Zeeman 
found that the separation of the two outer components varied 
considerably from line to line even in the same spectrum ; for 
example, in the case of the three zinc lines X = 48ii,X=s 4722, 
and X = 4680, the separation was equal to o’8, 0*9, and I’l 
A.U. respectively, while with the three lines X = 3345, X = 3303, 
and X =s 3282 the separation was too small to be measured. It 
is important to notice, as Zeeman pointed out, that the first- 
mentioned lines belong to the second subordinate series, while 
the last three belong to the first subordinate series (see p, 496). 
Exactly similar results were obtained with the other metals 
named. 

Preston,® who worked with a full-size Rowland grating, 
found that the “ normal triplet ” is by no means always obtained 
when a line is examined across the lines of force, but that 
doublets, quartets, and sextets are often obtained. Analysis 
of these groups by a Nicol prism showed, however, that they 
can all be considered as derived from the normal triplet, the 
doublet by the absorption of the middle line, the quartets either 
by the doubling of the middle line or the absorption of the 
middle line and doubling of the two outer components, and 
the sextet by the doubling of all three lines of the triplet. 

* PhiL Mag , (5), 44 . 55 and 255 (1897). 

« Ibid , (5), 45 . X97 (1898). » Ibid , (5), 45 . 325 (1898). 
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Preston pointed out that if X be the wave-length of any line, 
and if d\ be the difference in wave-length between the two 
outer components of a triplet produced in a magnetic field of 
strength H, then in electro-magnetic units — 

d\ ^ H 

'S? “■ m 2irV* 

where e is the charge on an electron, m its inertia, and v the 
velocity of light. That is to say, the distance expressed in 
oscillation frequencies between the two outer components of 
a triplet is proportional to the magnetic force, and further, in 
a constant field this distance must be equal for all lines for 

6 ' m • 

which — is the same. Preston, as the result of his observations 

VI 

of the spectra of magnesium, zinc, and cadmium, was able to 

d \ . 

prove this to be true, inasmuch as he found that is the same 

for all the lines of the natural harmonic series as found by 
Kayser and Runge, and by Rydberg, and, further, that it is the 
same for the corresponding lines in the homologous spectra of 
different substances. He also noticed that the magnetic effect 
differed in character on the lines of the different series ; thus in 
the case of the natural triplet series of magnesium, zinc, and 
cadmium, the first line became a diffuse and probably complex 
triplet in the magnetic field, the second line became a quartet, 
and the third line a pure triplet. 

Before entering into a description of the results that have 
been more recently obtained in the investigation of this 
phenomenon, we may here with advantage deal with the 
experimental methods employed in the work. It is first of 
all, of course, necessary that the magnet employed be power- 
ful, and also that the poles be brought very close together in 
order to obtain as strong a field as possible, for, as shown 
above, the separation of the components of a line depends 
directly upon the strength of the magnetic field. The general 
theory of the half-ring magnet and the best conditions for 
construction have been given by du Bois,^ but these cannot 

^ Drade’s AnnaUn, 1 . X99 (1900). 
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be entered into here. Amongst the most powerful magnets 
which have been used for this work is one used by Stewart 
and Gray.^ This instrument was made of cast-steel, whose 
magnetic permeability coincided very nearly with that of 
wrought iron. It is rectangular in shape, and is about 
3 feet long by about foot deep. A large magnetising 
coil surrounds the yoke, and extends over its whole 
length. The poles are provided with smaller coils, about 
I foot in length, having, respectively, 1140 and 1170 turns of 
copper wire of No. 9 standard wire gauge. The coils can 
stand easily a current of 16 amphres, and for short periods 
50 or 60 ampbres. The field intensity between the poles 
is exceedingly great, probably not far short of 50,000 C.G.S. 
units.**^ 

Runge and Paschen ^ have used an instrument which gave 
fields up to 30,000 C.G.S. units. 

The second and a most important consideration is that the 
intensity of the magnetic field be equal ; that is to say, it is 
very necessary that the light rays which are focussed to form 
a point on the slit should only come from parts of the light 
source which are under equal magnetic stress. Unless care is 
taken that this is the case, it is evident that good definition of 
the resolved spectrum line is quite impossible. Except in the 
case of a concave grating this condition is readily enough 
obtained by focussing an image of the light source upon the 
slit by means of a convex lens, for clearly in this case all the 
light falling upon the centre of the slit comes from those 
portions of the light source lying in a horizontal plane passing 
through the centre of the - magnetic field. For this purpose 
Runge and Paschen make use of wedge-shaped pole pieces to 
their magnet, which are set with their acute edges facing one 
another in a horizontal plane. In this way the magnetic lines 
of force are very concentrated in a horizontal plane \ in this 
plane also lie the source of light, the axis of the focussing lens, 
and the centre of the slit. Under these circumstances alone 
can the best definition of the magnetic components be seen. 

‘ Proc. Roy, 72. 16 (1903). * Nainre^ 66. 54 (1901). 

* Ab/ian» d, BerU Akad,^ 1902. 



456 SPECTROSCOPY 

When as the analysing spectroscopic instrument a concave 
grating is used, the astigmatism alters the conditions very 
considerably; a single point on the slit is not focussed as 
a point in the spectrum line, but is drawn out to a line 
(see p. 172), the length of which depends upon the angle of 
incidence at which the light falls on the grating. 

Each point of a spectrum line is formed by the unison of 
the rays from several points on the slit, and therefore cannot 
under ordinary circumstances receive rays from points in the 
light source, which are all under the same magnetic stress. To 
obtain anything like good definition special precautions must 
be taken to surmount this difficulty. It was shown before 
(Chapter VI., p. 173) that in the case of a concave grating the 
slit forms one, a vertical, focus of a spectmm line, and that there 
is another, a horizontal, focus lying a certain distance outside 
the slit. This is represented in Fig. 62 (p. 173) by the line 
EF, and it was piointed out that a wire stretched across the 
incident beam at EF is focussed as a horizontal line along the 
spectrum. The distance of the centre of this line from the slit 
depends upon the angle of incidence of the light on the 
grating, and is equal to p(sin i tan i), where p is equal to the 
radius of curvature of the grating and i the angle of incidence. 
If now this horizontal focus lies inside the light source, then 
will there be a point in the spectrum which receives light 
waves from points in the light source which lie in a horizontal 
plane of equal magnetic force. If, however, the horizontal 
focus does not lie in the light source it is possible to make 
it do so by means of cylindrical lenses placed in front of 
the slit.^ 

It has been proved by Preston, by Runge and Paschen, 
and by Stewart, Gray, Houstoun, and McQuistan that the 
separation of the components of a line is proportional to the 
magnetic field, and that the separation of the components of 
all corresponding lines in spectra is proportional to their 
oscillation frequency; it is therefore a simple matter, from 
measurements made on lines with one strength of field, to 
calculate the separations corresponding to another field strength 
^ See Runge in Kayser’s Handlmch der Spectroscopic^ vol. ii. chapter ix. 
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if the separations occurring with one line in the two field 
strengths be known. In other words, one can express the 
strength of the field in terms of the separation occurring with 
one line taken as a standard, and in the examination of the 
complete spectrum all the measurements can be referred to 
this standard line; finally, the strength of field producing 
definite separation of the standard line is determined by some 
external means, and from this the whole of the measurements 
of the lines are calculated for the same field strength. 

Attention may now be drawn to the best methods of 
production of the illumination. As will readily be seen, the 
exciting of the substance to be examined must be made in as 
small a space as possible, owing to the necessity for having the 
poles of the magnet very close together. For this reason the 
ordinary flame spectrum, as obtained with a Bunsen burner, 
cannot be used, as the flame is far too clumsy ; then, again, the 
lines are not sufficiently fine to permit of accurate work. The 
fine flame produced by an oxyhydrogen blast may be used, but 
none of these methods are so satisfactory as the electric spark 
from an induction coil, which is made to pass between elec- 
trodes of the metal dealt with. The best way is to cause 
the sparks to pass in the direction of the magnetic lines 
of force, as otherwise they will be dragged out of the most 
intense part of the field by the action of the field itself. It is 
necessary in this case to bore small holes in the poles of the 
magnet to admit the electrodes, care being taken to insulate 
them from the iron of the magnet. Runge and Paschen place 
one electrode on tlie acute edge of one of the pole-pieces as a 
thin strip of foil. In the secondary circuit of the induction 
coil self-induction coils are introduced, as well as Leyden jars, 
to make the lines as fine as possible ; ^ without this it is often 
impossible to resolve some of the lines. If the spectra are 
required of salts in solution, the solutions may be dropped 
on to the electrodes. In the case of gases these are enclosed, 
of course, in vacuum tubes with capillary portions. These are 
best used in a horizontal position, the discharge being viewed 
end-on through a quartz or fluor-spar window. Care must be 

^ llenisalech, CompUsrmdus, 139. 285 (1899). Seep. 379. 
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taken that no portion of the capillary reaches out beyond the 
ends of the pole-pieces. 

For examination of the spectra, instruments of high resolving 
power must, of course, be used, such as a large grating apparatus 
or an echelon spectroscope; an interference apparatus may 
also be employed, such as Fabry and Perot’s interferometer, or 
the instrument devised by Lummer.^ 

For examination of the direction of polarisation, one may 
employ, as Preston ^ showed, a double image prism or rhomb 
of calc-spar placed between the light source and the first lens ; 
this will separate the light into two beams, and two images will 
be formed upon the slit one above the other, and two spectra 
will be seen one above the other, one containing the com- 
ponents polairised in one sense, and the other those polarised 
in the other sense. 

When the ultra-violet region is being worked with, and 
quartz lenses are used, it is necessary, owing to the rotation of 
the plane of polarisation by the quartz, that the calcite rhomb 
be put between the light and the first lens. 

When viewing along the lines of force, the pole of the magnet 
should be bored to allow the passage of the light to the slit 
This may be avoided® by the use of a small totally reflecting 
prism fastened to the front of one of the poles. This has the 
advantage of not disturbing the regular distribution of the 
lines of force as does the bored hole, but, on the other hand, 
it prevents the poles being brought so close together. 

The circularly polarised rays are examined in exactly the 
same way, but with the addition of a quarter-wave plate. 

Cornu ^ made use of the following arrangement for visual 
observation : A thin metal strip perpendicular to the spectrum 
lines is fixed behind the eyepiece, and by use of a Wollaston 
prism two images of the strip are seen, one corresponding to 
the horizontally polarised rays, and the other to those polarised 
perpendicularly; the width of the strip is so adjusted that the 
two images of the strip are seen against one. another. The 

^ Chapter IX. ® Loc. ciL 

^ Kent, Asirop/iys, Journ,^ 13 . 288. 

* Comp^ rendus^ 126 . 555. 
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perpendicularly polarised rays of the spectrum are hidden by 
the perpendicularly polarised image of the strip, and therefore 
at this place one sees only the horizontally polarised rays, and 
vice versA. When the magnet is not excited, a spectrum line 
will be seen through both pictures of the strip ; but when the 
current is turned on, a normal triplet will be seen, as shown in 
Fig. 154 at a. 

Along the lines of force the same separation of the com- 




a h 

Fio. 154. 

ponents is to be seen when a quarter-wave plate is used in 
addition, as shown in Fig. 154 at 

Experimental Results. — Although many lines in the 
magnetic field are seen across the lines of force to split into 
three components — the normal triplet — ^yet this is by no 
means the rule, and nearly every line belonging to Kayser 
and Runge’s and Rydberg's series deviates from this, 
giving as a rule more than three components. Several. 
types of decomposed lines have been observed which, as 
has been above pointed out, repeat themselves for the lines 
of the same series of one element, and further also for the 
corresponding lines of homologous elements. Amongst the 
latest investigations in the direction of measurement and 
observation of the various types, that carried out by Runge 
and Paschen may be briefly described as follows : ^ — 

The most complete investigation of the resolution of lines 
has been carried but by these observers on the spectrum of 
mercury. This element, according to Kayser and Runge, gives 
a spectrum which amongst its lines possesses a first and second 

^ Astrophys.Joum.^t 1 ^. I 57 333 (1902) ; Phys, Zeitschn^ 3. 441 ; 

Ftri. Be>\^ 82, 720 (1902). 
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subordinate group, ^ each of which, however, consists of three 
series, the formulse for which differ only by a constant. The 
intensities of the lines fall very rapidly as the oscillation 
frequencies increase, and Kayser and Runge were able to trace 
the series by reason of the fact that they examined the 
spectrum of the mercury arc. For the observation of the 
Zeeman effect it is impossible to do this, on account of 
the enforced distance between the poles of the magnet, and 
therefore Runge and Paschen were obliged to use the vacuum 
tube filled with mercury vapour; and thus, on account of the 
weakness of the light, they were only able to observe the first 
two or three members of each group. While each line of the 
second subordinate group is simple, the lines of the first 
subordinate group, on the other hand, are accompanied by 
satellites of smaller oscillation frequency ; thus the lines of the 
first series have three, the lines of the second have two, and 
the lines of the third one satellite. All the lines of the six 
series, with their satellites, are decomposed in the magnetic 
field. 

In the case of the second subordinate group the lines of 
the three series give three different types, one for each series, 
and the distances between the components in all members of 
the same type, when measured in oscillation frequencies, are 
the same according to Preston's law. Runge and Paschen's 
measurements in a field of about 24,600 C.G.S. units are 
as follows, the letters p and r meaning that the members 
are polarised parallel or at right angles to the lines of force : — 

r r P P t r r r 

^2 -2-13 -1*62 -ro7 -0*53 o +0-55 +i*o6 +1*63 +3*17 

^2 “2-15 -1-62 -0*57 +0*54 +1*64 +316 

-2*I7 o + 3 ’I 8 

The appearance of the lines is shown in Fig. 155. 

^ A series of lines is a number of lines in a spectrum whose oscillation 

frequencies can be expressed by a general formula; in mercury and 

certain other metals there occur triplet series, three series which obey 
very closely allied formulse. Such a complex series is here called a group, 
leaving the word “ series ” to represent the set of lines which obey one single 
definite formula. See next chapter. 
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The type or that of the lines of the third series of the 
second subordinate group, does not correspond with the normal 
triplets, as in the latter case the separation in the same field is 
equal to 2*14, while in the type it is equal to 4*33 • 

The type may be considered as derived from <^3 by the 
splitting of each member. The intensity of the two middle 
components is greater than that of the two outside ones, and 
of the outside components the inner one is always the stronger. 
The electronic oscillations giving rise to the two middle 
components are parallel to the lines of magnetic force, and 
therefore when the line is seen along the lines of force they 
vanish. This proves that in this case a free motion of the 
electrons parallel to the lines of force cannot be taking place. 



Fig. 155. 


because such a vibration would not be disturbed by the field j 
the motion parallel to the force lines must therefore be com- 
bined with a motion which is not parallel. 

The type a., can be considered as derived from by the 
tripling of each member. The three middle components in 
this case are not brighter than the outside ones, and the centre 
of the three is the brightest. Of the side components per- 
pendicular to the force lines the innermost two are the brightest. 
Sometimes in the case of the green mercury line X = 5461 
it was found that of the three outside components on each 
side the middle one was the brightest. Runge and Paschen 
attribute this to the fact that probably this line is accompanied 
by satellites which are themselves split by the magnetic force, 
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and that sometimes the components of the satellite fall in the 
same place as those of the chief line, and sometimes they do 
not, according to the strength of the field. That this is the 
case has been shown by Lummer and Gehrcke,^ for they find 
the line to be composed of a (probably triple) principal line, 
five bright, and two faint satellites, one of which is probably 
double — altogether eleven lines. Runge and Paschen, as a 
result of their measurements, consider that the distance between 
the various components with an increase in the strength of the 
field increases in equal proportion throughout; that is to say, with 
a given increase of the magnetic field the distance between the 
components of all the types increases by the same ratio. Reese ^ 
and Kent ® both think that in the case of type a.^ the relative 
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increase is rather greater than in the other types, and they also 
consider that the increase is not proportional to the increase in 
field strength, being a little too small with large field strengths. 
Runge and Paschen consider that as these observers did not 
succeed in separating all the components of the type it is 
probable that the light source was not entirely within the 
strongest part of the field, so that they attributed their measured 
separations to too strong a field. 

The first subordinate group of triplets, all the members of 
which are accompanied by satellites, give again different types, 
three for the three members of each triplet, three for the three 

‘ See p. 427, 


• Astf‘ophys,/ourTt, 12 . 127 ; 18 . 294 , 
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satellities of the first member of the triplet, two for the two 
satellites of the second member, and, lastly, the type of the 
single satellite of the third member of the triplets. 

The three principal types corresponding to the three 
members of the triplets are shown at «5i, ^1, and in Fig. 156. 
The components of the type are broad, and the two 


JSateUtUs of CLj 


T^pe, 7 

J 





1 .. , __ 





' 7 

> 


'P J 

^ pf 

pr 7 

• 3 





L 


* 




i 

L ^ 



r } 

7 r 

P 

r i 


’Type 3 


J 


I 








>• r/ 

7 r 

pr 


7 p > 

P 

77 

^ 7 



SoAeUOes of ^ 


Typti 









r p 



7r i 

r r 

^ ' 7 ypc£ 











r p 

T ^ > 

? 




ScfUWtt of Oj 



FlO. 157 . 


middle ones run into one another ; in type fr means that 
two lines fall together, a parallel and perpendicular component 
respectively. The satellites give the types as shown in 

Fig- 157- 

The following measurements were obtained by Runge and 
Paschen in a field of 24,600 C.('i.S. units : — 
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Principal Lines. 

ai — r28 —0*32^ +0*36/ +1*27 

h “ i’6o(?) - V20 — o*8o -o’4o/ o(?) +0*37/ +077 + 1*19 + r57(?) 
Cx — o*6q^r op +o*6o//' 

Satellites of ax- 

— 2‘o6 —I '61 —1*14 —o'g2p —062 0*51/ op 

-2-8 1 -1-67 -nop -0*58 op 

— 1*98 -1*56 -r3SiJ -1*19 --o‘8i/ —076 -o'37p 

+o'47p +0*68 +0*97^ +ro8 + r6o +2*07 

+o‘S4 +i'ogp +1*65 +276 

+0*38/ +077 +0*82/5 +ri5 +1*33/5+1*58 +1*99 

Satellites of dx- 

- 1*55 —I 10 —o'S^prop +o*67/r +1*09 + 1*69 
-rSsC?) -1*58 — ro6/5-o*57 +0*57 +1*07/5 + 1*59 +2*;2(?) 

Satellites of Cx- 
-1*14 op +ri2 

Runge and Paschen point out that distances of about ± I'lo 
occur very often in this table of measurements ; this distance 
is about the same as that in the case of the normal triplets, 
which is ±1*07. It is also interesting to note how in the 
types tTa, ^2, C2 the distances are all multiples of ±0*54, and 
further that this distance is half that which occurs with the 
normal triplets. 

Normal triplets were observed in the cases of the lines at 
^ = 579o> 49 i 6> 4348, 4108, 3907, 3902, and 2848, the mean 
distances of the components being — 

— 1*06 o +i'o8 

There are also three more triplets, with distances — 


— 1*24 0 

+ I‘2S 

-1*31 0 

+ V34 

“i*6i 0 

+ i '65 


The strong line at X = 2537 was split into two components, 
each of which consists of a parallel and perpendicularly 
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polarised line lying together, the distance between the two 
components being ±179. 

The above types repeat themselves in the spectra of those 
elements whose spectral series are analogous to that of mercury, 
namely, magnesium, calcium, strontium, zinc, and cadmium. 
The most accurate observations have been made upon the 
lines giving the types Le. the second subordinate 

group. These elements, however, differ from mercury in that 
they have not so many satellites accompanying the lines of the 
first subordinate group, and, further, the satellites lie so near 
the principal lines that their observation is very difficult, 
especially in the magnetic field. As far as Runge and Paschen’s 
measurements go, they seem to ‘prove that in equal magnetic 
fields the same separation of the components of the lines 
occurs with these elements as already given for the mercury 
lines. This confinns Preston’s original observations. 

It is perfectly evident from these and other observations 
that the motions of the electrons are not so simple as might 
have at first been supposed. The normal triplet resulting from 
the simple theory does not by any means occur very frequently, 
and the structure of the resolved lines shows that the conditions 
are very complex. It has been suggested that each atom of a 
chemical element consists of a central positively charged mass 
with the system of negatively charged electrons in motion round 
about it, very similar to the ring system of the planet Saturn 
with electrical substituted for gravitational attraction. Nagaoka 
has shown that it is possible to account for both band and line 
spectra by vibrational disturbances occurring in such a system. 
It is generally accepted that the negative charge residing on 
each electron and its mass are always the same, and that the 
various cliemical atoms differ amongst themselves in the number 
of electrons present, and also possibly in the mass of the central 
positive nucleus. 

Runge and Paschen calculate the ratio of the charge e to 
the mass w. from their measurements of the normal triplets in 
the mercury spectnim. The difference of oscillation frequency 
between the two outer components is 2‘i4 in a field of 24,600 
C.G.S, units, if by oscillation frequency we define the number 
T. p. c. 2 H 
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of waves in i centimetre. From Preston’s equation, given before 
(P- 4S4)» we have— 

^ H 
2‘14 = — • 

^ m 2TrV 


Hence, putting H = 24600 — 


m 


= 1*6 X 10’. 


e N 

In electrolysis ^ ^ where N and A stand for 

valency and atomic weight respectively; hence for hydrogen 

^ = 10^. Then, assuming that the charge on the negative 

particle is equal to the unit charge in electrolysis, it follows 
that the mass of the electron is about one-sixteen-hundredth of 
the mass of a hydrogen atom. This agrees with the conception 
given above that the mass of the positively charged particle is 
so large compared with the negatively charged particle that it 
takes no part in the vibrations giving rise to the line. The 
forces which set the negative particles in motion will, indeed, 
also move the positive nuclei, but on account of their inertia 
being more than a thousand times greater, the motions 
produced, and hence the disturbances in the magnetic field, 
will be correspondingly smaller. 

Turning our attention to the spectra of the alkali metals, 
we have, as described in Chapter XV., three series of pairs, or 
six series altogether ; that is to say, one principal group and a 
first and second subordinate group, each group being a series 
of pairs. Similar groups exist in the spectra of copper and 
silver, and in those of aluminium, indium, and thallium, only 
in the last three the principal series have not yet been 
discovered. 

In sodium as yet only the two D lines have been observed 
in the magnetic field, and as these two form the first member 
of the principal series, we are thus able to determine the type 
of the principal series. Dj gives in the magnetic field four 
components, and Da six components, and in each case the two 
■innermost components are polarised in parallel to the lines of 
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force. The measurements of the distances between the com- 
ponents as given by Runge and Paschen are as follows, the 
numbers being in the scale of oscillation frequencies and 
referring to a field of about 32,000 C.G.S. units 

Di -r88 -0*90/ +9*3^ +1*85 

Da —2*28 — 1*43 “ 0 * 47 / +0*46/ + 1*35 +2'36 

It will be seen how the numbers are very closely in the 
case of Di even, and in the case of D2 odd multiples of o’46. 
These may, therefore, be represented by the accompanying 
diagram (Fig. 158). 

The principal series in copper and silver, of which only the 
first terms are known, show exactly the same types with equal 
separation in the same field. The second subordinate group 


TyptBi 


lyptJDz 
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Fio. 158, 


shows, as far as observed, the same types as the first group, 
but in a reversed sense j that is to say, in each pair of the 
second subordinate group the line with the smaller value of 
oscillation frequency shows the type of D3, while the type of D, 
is given by the line with the greater oscillation frequency. This 
inversion agrees with the general connection Rydberg dis- 
covered between the principal and the second subordinate 
series {vide p. 486). 

The first subordinate series gives other types in the 
magnetic field. In the case of copper, silver, aluminium, and 
thallium, in every pair the line of smaller frequency is accom- 
panied on the side nearer the. red by a satellite. Both of the 
lines of each pair are split into three, like the normal triplets, 
and the components of the line of smaller frequency are 
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abnormally thick, and the components of the other lie very 
close together. The satellite gives eight components, six at 
right angles to the lines of force and the two innermost 
parallel ; of all these lines no accurate measurements have as 
yet been made. It is interesting to note how the same types 
are to be found in elements so far removed from one another 
in a chemical sense as aluminium and thallium on the one 
hand and copper and silver on the other. 

The same types are also to be found in the case of certain 
lines in magnesium, calcium, strontium, and barium, and 
probably also zinc and cadmium, namely, those lines which 
Rydberg showed to be pairs with equal difference of frequency. 
By observation in the magnetic field Runge and Paschen have 
shown that these lines entirely correspond to the pairs observed 
in the case of sodium, copper, silver, aluminium, and thallium. 
The H and K lines of calcium, X = 3969 and 3934, give the 
types of Di and Da respectively, and therefore must form the 
first member of the principal series of calcium, corresponding 
to the D lines themselves, the silver lines at X = 3383 .and 3281, 
and the copper lines at X = 3274 and 3248. The two calcium 
lines at X = 3737 and 3706, which have the same frequency 
difference as ^e H and K lines, show the Di and Da types in 
reversed order, and therefore these lines form a pair in the 
second subordinate series. The first subordinate series is 
represented by the lines X = 3179-45 and X=: 3158*98, of 
which the first named is accompanied by a satellite. The type 
agrees entirely with that of the first subordinate series in 
copper, silver, aluminium, and thallium. This agrees with 
Rydberg’s apportioning of the lines, which is thus entirely 
confirmed. 

The following table includes the lines in the spectra of 
magnesium, calcium, strontium, and barium, which give the 
same types as occur in the cases of sodium, copper, silver, 
aluminium, and thallium : — 
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Principal series. 

First subordinate series. 

Second subordi- 
nate series. 

1 

Di type. , 

i 

D2 type. 

Type of 
satellite, i.e. 
eight com- 
ponents. 

Triplet 

Triplet 

D2type. 

Ditype. 

Magnesium . 

2802*80 

3795*63 


3798*07 

2790 88 

2936*61 

2928*74 

Calcium . . 

3968*63 

3933*83 

3x81*40 

3179*43 

3158*98 

3737*03 

3706 18 

Strontium . . 

42x5*66 

4077*88 

3473 * 0 * 

3464*38 

3380*89 

4305*60 

4161*95 

Barium . . . 

4034’24 

4 SS 4 *ai 

4x66*24 

4130*88 

3891*07 

4900*13 

4533*19 


Some observations have also been carried out upon the 
resolution of the lines of helium and the green line of mercury 
(A. = 5461) by Gray, Stewart, Houstoun, and McQuistan,' who 
used an echelon grating as the spectroscopic apparatus. They 
only carried their observations up to a field strength of about 
10,000 C.G.S. units, owing to the fact that with higher field 
strengths the light became too feeble. The results obtained 
across the lines of force show quite clearly that the separation 
of the components is proportional to the field strength. All 
the lines resolved themselves into normal triplets, and from the 
measured separations the following values were obtained : — 



Wave-length. 

H 

HA.-* 

e 

Iff 

Helium 


r 6 i X 10-* 

6*41 X I0-* 

1*21 X 10 ^ 



2*07 X lO- 

6*00 X io~* 

1*13 X 10^ 


o(;78 

2*90 X 10 

6*49 X 10- * 

1*22 X 10^ 

Mercury 


2*12 X lO' * 

7*12 X lO-^ 

1-34 X 10' 

1 









When with the given line of mercury under observation the 
field strength was increased to 13,000 C.G.S., the centre com- 
ponent of the normal triplet was doubled, while each of the 
outer components was tripled. The polarisation of the two 
triplets and of the central doublet was the same as that of the 
lines from which tliey originated. At all fields up to 13,000 

* Proe. Roy, Sec., 72. 16 (1903). 
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C.G.S. the faint companion to the helium D;, line was not 
tripled, but only doubled. 

Along the lines of force the following results were 
obtained : — 



Wave-length. 

H 


M 

Helium 

SOI 6 

175 X IO-* 

6’95 X io“® 

I '31 X 10" 

>1 

5876 

2*25 X IO~* 

6-50 X 

I 23 X 10^ 


6678 

. 3*13 X IO-* 

7*01 X 10--® 

I '32 X 10^ 

Mercury 

5461 

1*88 X io~® 

6-31 X 10-® 

1*20 X 10^ 
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SERIES OF LINES IN SPECTRA 

Of the older work on this subject there is no need to make 
mention, because, although certain regularities had been noticed, 
the first important work to come under our consideration is 
that by Balmer, who was the first to show that the lines of a 
spectrum could be expressed by a formula. This important 
discovery was made with the hydrogen elementary spectrum. 
Balmer ^ showed that the wave-lengths of the first nine lines of 
the hydrogen spectrum can be expressed by the equation — 

X = // .. X cm., 

— 4 

where is a constant and in is given the values 3, 4) S> 
up to II. The value of h was found to be 3645, and the 
calculated values of the wave-lengths of the lines agreed with 
the values actually measured within the limits of experimental 
error. As the number of hydrogen lines was extended into 
the ultra-violet from their discovery in the stars, and in the solar 
prominences and “flash” spectrum, and as their wave-lengths 
were better determined, it was found that Balmer's formula gave 
results which agreed in a most surprising way with those 
actually measured; proof was thus afforded that the wave- 
lengths are functions of successive whole numbers, that is to 
say, the lines of the hydrogen spectrum form a series, and the 
wave-lengths of any line can be expressed as a simple function 
of its number in the series. In order to show how accurately 
this formula expresses the measured wave-lengths, the following 
measurements obtained by Evershed® from photographs of the 

» mai. Ann,,25.So{iSSsh 

2 PAii, Trans ., 197 . A, 381 (1901), and 201 . A, 45:^ (1903)- 
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solar eclipse of January 22, 1898, may be given. The column 
headed “calculated” contains the values obtained from the 
formula of Balmer, in which h is put equal to 3646*13. The 
wave-lengths have been reduced to vacuum ; the- last column 
gives the differences between the observed and calculated values. 

Hydrogen Spectrum. 


Designation. 

Observed. 

Calculated. 

DifTerence. 

a 

)8 

656307 

4861-57 

4861*52 

4-0*05 

7 

4340*53 

4340-63 

— 0*10 

0 

4102*00 

4101*90 

-ho*i6 

« 

( 

3970*33 

3889*15 

3970*22 

3889*20 

+ 0*11 
— 0*05 

V 

383S‘5 i 

3835-53 

+ 0*02 

6 

3798*00 ■ 

3798*04 

— 0*04 

1 

3770-73 

3770-77 

— 0*04 

K 

3750-27 

3750*30 

— 0*03 

A, 

3734*53 

3734*51 

+ 0*02 


3721-98 

372208 

— 0*10 

V 

37»2'i3 

371211 

+ 0*02 


3704-01 

3704*00 

+ 0*01 

0 

3697-28 

3697*29 

— 0*01 

IT 

3691-70 

3691*70 

± 0*00 

P 

3686-96 

3686*97 

— 0*01 

<r 

3682-94 

3682*95 

— 0*01 

T 

3679-52 

3679*49 

+ 0*03 

V 

3676-51 

3676*50 

+ 0*01 

< t > 

3673-87 

3673*90 

-0*03 

X 

3671-53 

3671*48 

+ 0*05 

4 

3669-55 

3669*60 

— 0*05 

(0 

3667-83 

3667*82 

+ 0*01 

Series No. 27 

3666*25 

3666*24 

+ 0*01 

n }» 28 

3664*74 

3664*82 

— 0*08 

»» 31 29 

3663*55 

3663*54 

+ 0*01 

n »» 30 

3662*36 

3662*40 

— 0*04 

n 1, 31 

3661*31 

3661*35 

— 0*04 

i» 33 

Theoretical limit 

1 

3646*13 

— 


It can be seen at once from Balmer’s formula that if m 
be put less than 3, indeterminate and negative values are 
obtained ; and further, as in becomes larger the value of the 
ifp 

coefficient ^ becomes nearer to unity, and therefore we 
may say that the end of the series (ot = oo ) lies at X = /< = 



SEU/ES OF LINES IN SPECTRA 


473 


3646‘I3. It will be seen that as we advance in the series 
towards the ultra-violet the lines are nearer and nearer together, 
until the theoretical limit is reached. The agreement between 
the calculated and found values, as will be seen, is extra- 
ordinarily close. 

At the present time we know of the existence of similar 
series in the line spectra of certain elements, and for this, 
knowledge we are indebted to Rydberg, and to Kayser and 
Runge, who have found formulae which express with a con- 
siderable degree of accuracy the lines which belong to these 
series. Rydberg published a full description of how he 
obtained his formula, and the results of its application to 
known results in the Transadiom of tJie Royal Swedish 
Academy in 1890.’ Runge,* in 1888, stated that he had 
discovered a number of harmonic series in the spectra of 
certain elements, and that these can be expressed by a formula 
of the type — 

I , ^ 1 .be 

Balmer’s formula may be looked upon as a specially simple 
case of the above ; for, instead of 


I A — 4 V * I 
we may put = A — where A = ^ 

I B 

and ^ = A + where B = - 4 A. 

Rydberg, however, claims to have been using his formula 
before 1885, when Balmer’s was first published. 

Rydberg has given a very complete description of how he 
arrived at his formula in the paper above referred to, and it is 
necessary to discuss this work very fully in order to understand 
the extremely interesting results he has obtained in tlie con- 
nection between the various series of lines belonging to the 

' A”. Svmska Vetensh Akad, Hand.^ voL xxiii., No.H (1S90). 

* Brit, Ass, Be/ort (1888), 576. 



474 


SPECTJ^OSCOPy 


same element as well as the actual expression of th^ lines 
in series. 

Two very important observations, one by Hartley and the 
other by Liveing and Dewar, must first be mentioned. In the 
first place, Hartley^ found that if the lines in a spectrum are 
expressed in oscillation frequencies and not in wave-lengths, 
then the differences between the components of the doublet or 
triplet are the same for all the doublets or triplets in the same 
spectrum. Hartley only examined the triplets in the spectra 
of magnesium, zinc, and cadmium, and as an example three 
triplets of the zinc spectrum may be given — the oscillation 
frequencies are only given to four figures — 



Diff. 


Diff. 


I 2079 

910 

2989 

Cl 

00 

3571 

Diff. 39 


39 


38 

2 2118 

910 

3028 

S 8 i 

3609 

Diff. 18 


18 


30 

3 2136 

910 

3046 

583 

3639 

The numbers i, 2, 

and 3 

refer to 

the first, second, and 


third members of the triplets ; it will be seen that the differ- 
ence between the first and second member is about 39, and 
between the second and third it is about 18. 

The second discovery, by Liveing and Dewar,'** was that of 
the existence of^homologous series of lines, although they did 
not find the law of the series. They established also the 
existence of a series of lines which are sharp, and a similar 
series of diffuse lines. 

Rydberg calculated the oscillation frequency of the observed 
lines in a great number of elementary spectra, and selected the 
doublets and triplets of constant frequency difference. It 
should be pointed out that by the oscillation frequency Ryd- 
berg means the number of waves contained in i centimetre, and 
as the accuracy of the measurements he deals with are great 
compared with the accuracy of the determination of the index 
of refraction of air as known at that time, they are not reduced to 
vacuum. As regards the doublets and triplets, these may often 

^ Soe. Trans,, 48 . 390 ( 1883 ). 

* PAil, Trans., 174 . 187 ( 1883 ). 
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be recognised by the eye, as, for example, in the case of sodium, 
but often the components are very far removed from one 
another, there being a considerable number of rays in between 
them. The names of doublet and triplet might be thus con- 
sidered as rather misnomers, were they not defined in the first 
place as merely pairs or trios of lines with a constant frequency 
difference. In speaking of these differences in frequency, for 
simplicity’s sake we will use Rydberg’s notation throughout, 
and speak of the frequency difference of a doublet as v, and that 
between the first two and second two members of a triplet as 
i/i and va. Further, the component of a doublet or triplet 
with the smallest frequency is called ;^i, and the next in order 
of magnitude ;/a, and the third member (of a triplet) \ we 
therefore have—' 


and 

and 


V = — ;/i with a doublet, 

V, — ;za 1 ^ triplet. 

Ky = fh — I 


As was said before, Rydberg calculated the frequencies of the 
known lines of a number of elements, and selected the doublets 
and triplets of constant frequency difference therefrom. Then, 
assuming that analogous rays of a spectrum are functions of a 
series of consecutive whole numbers, or, in other words, that 
the analogous rays form a simple series, he attempted to 
find the graphical relation between the rays. *' He placed the 
wave-length upon the ordinates and the number of the ray in 
the series on the absciss®, calling the least refrangible of the 
analogous rays number i. In this way he obtained for the 
double and triple series two or three curves, which became 
parallel to one another when oscillation frequencies were used 
instead of wave-lengths. 

If now we consider the case of sodium and take the least 
refrangible rays of the doublets, we then have, on Angstrom’s 
scale — 


/// A OT A 

1 8199 5 5155-0 

2 6160 6 4983-0 

3 5895 7 47S1'4 

4 5687 8 4667-2 


7n A 

9 4543‘6 

10 4496*4 

1 1 4423*0 

12 4393*0 
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where m is the order or number of the rays. On plotting 
these numbers Rydberg found that they did not form a regular 
curve, but that the points lay first on the one side and then on 
the other side of a mean curve;- this anomaly disappeared 
entirely when the ray at X = 5895 was suppressed, and the 
remaining rays were taJren alternately to form two series, thus — 

I 2 3 4 56 

Xj 8199 5687 4983*0 4667*2 4496*4 4393 

Xg 6160 5155 4751*4 4543*6 4423*0 

Now, as each of these rays is the component of a doublet, we 
have evidently two series of pairs, or four series of lines. It is 
most important to remember that Liveing and Dewar observed 
all these rays, and found that those in the upper line are all 
difiuse, and that those in the lower line are sharp, so that one 
could distinguish between the two series independently of the 
curves just described. 

It was found on comparing the curves together that they 
all had the same general shape, and therefore Rydberg con- 
cluded that they could all be expressed by a common formula. 
As the curves appeared to approximate to rectangular hyper- 
bolas, Rydberg first took the formula — 

(X — \^{m 4* ft) = constant, in wave-lengths, 
or {n — n^{m + /aj) = Q, in oscillation frequencies, 

where Xq, /a and «o, ftj are constants. 

Rydberg then calculated the wave-lengths from this 
formula — 


and found that very fair approximations to the measured values 
were obtained. Rydberg satisfied himself in this way that the 
wave-lengths and oscillation frequencies of a series of analogous 
lines in the spectrum of an element are functions of a series of 
consecutive whole numbers. 

Rydberg next considered the differences between the 
oscillation frequencies of the successive numbers of the series; 
and he found that these differences {^n) become smaller as 
one goes higher into the series; this, of course,- naturally follows 
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from the fact that the lines of a series get closer together as 
one advances in the series. The values of were calculated 
for all the series which could be recognised, and Rydberg 
obtained in this way series of decreasing values of one 
series for each naturally occurring series of spectral lines. 
Each of these series of values of A« seemed to be perfectly 
comparable, so that when these values were arranged according 
to the magnitude of any term, all the other terms followed one 
another in the same order of magnitude. This can be best 
explained by means of the table given by Rydberg of the 
values of A« which he obtained. 


Values of aw. 




r ' r , 

4 

VJ 

vd 

^ ! 

00 

cS^ 

(A 

■s 

s 

II 

II 

II 

1 II 

II 

II 

II 

11 

u 



SI 

SI 

«l 

gs 


•s 

u 

g 

pq H 

I1 

PQ « 

n fn 

11 

|9 

pc xn 

M'O 


t « 

pqeo 


II 

II 

11 

II 

II 

II 

II 

II 

A 

S 

6 


s 

§ 

g 


S 

CP12) 

x 6 o 36'8 

SS 4=*4 

3556*6 

1364*4 

824*6 

533*8 

369*5 

258*9 

Na (Di) 

— 

5386*7 

3484*9 

* 357*9 

813*9 

523*5 



— 

CaCDi) 

— 

4996*7 

3333*9 

1346*3 

733*4 

— 

— 

— 

Na (P,) 

X 33 t 4’9 

47 S **4 

3 s 8 u ’3 

* 033*5 

— 

— 

— 

— 

'n (S2) 

13378*3 

4395 •* 

3089*6 

1313*0 

732*4 

465*6 

350 *t 

350*2 

K (Pi) 

iifiSs'y 

43 « 3‘8 

3050*3 

1158*0 

723*0 

45**8 

333*5 

245*5 

Mg (S,) 

*0679-5 

4017*3 

* 957*5 

iii6*s 

685*6 


— 

— 

(Si) 

8943*7 

3507*8 

* 759*3 

1015*0 

620*6 


— 

— 

Na (S,) 

7484*8 

3165*6 

1647*0 

963*6 

600* r 

407*6 

— 

— 

K CI)|) 


3843*7 

*507*5 

88 1*3 

550*5 

385*8 

356*9 

— 

Mg (Di) 

6341*8 1 

*■^ 775*3 

14767 

868*4 

56**4 

— 

-- 

*— 

Zn (I)i) 

s 8 i 3*3 1 

3636*4 

1416*8 

86a*7 

— 

— 




In the first column are given the symbols of the elements 
and the designation of the series, which will be fully explained 
later. The first column contains the differences between the 
frequencies of the first and second terms of the series given, the 
second column contains the frequency differences between 
the second and third members, and so on. In the table the 
series are so arranged that the frequency differences in the 
second column form a descending scale in order of magnitude; 
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this was done because all the terms of the first column were not 
known. It will be seen that with very few exceptions all the 
terms in the other columns are arranged in descending order 
of magnitude^, and further, that the first term of each column 
is smaller than the last term of the preceding column. Rydberg 
also expresses these results as follows. The differences between 
the corresponding terms of any two series of values of have 
the same sign. 

The next step taken by Rydberg was to plot the values of 
A« as given in the above table against the series of whole 
numbers {m) i, 2, 3, etc.; the curves obtained in this way all 
had the same shape, so that it seemed probable that they 
could be made to coincide with one another throughout their 
length by simply shifting them parallel to the axis of m. 
This we can express by saymg that if A« is a function of m 
for one curve, then the general equation to all the curves is — 

+ ft), 

where /xis a constant. From this Rydberg derives the equation 
for a spectral series — 

n = «o +■ /^)» 

where n is the frequency, «o is a constant, and/(;w + some 
function of {m + /*), which has the same form and the same 
constants for every member in every series.^ 

' Proof— 

n,^ = «« + 1 - AW 

= «« + 1 - F(;w + m) 

»« + 1 = + 3 - F(;w + I 4 - m) 

+ s “ + 3 4" 3 4" /*) 

Now, we know that n approaches a limit when /« = 00 , and 
the form of the series of aw and the shape of the corresponding 
curves leads us to suppose that the limit of aw or F(?w 4 - /*) = o 
when wz = 00 •, we have, therefore — 

00 

= «(, - SF(;;2 + jx). 

in 

For another series we have — 

Now, the two sums which enter into these equations have the 
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If we put/(»« + /x) = 


wi -H/i 


we have the equation — 


« = «„ ^ — . 

-j* fJL 

We have already seen that a very similar equation — 

X = \,i -| - 

m + fji 

expresses a series with a very rough approximation. Con- 
sidering the shape of the curves already described, obtained by 
plotting X against m, the next simplest equation is — 

No . 

n = n. — ; 

where N,, is another constant. 

This equation Rydberg finds to answer extraordinarily well, 
and is the equation he finally adopts; in it No is a constant for 
all series and all substances, is the value of n when w = oo ; 
that is to say, it is the theoretical limit of the series, and is 
generally known as the convergence frequency, and /a is a 
characteristic constant of the substance or series. 

Now, Balmer’s hydrogen equation may be considered as 
a special case of this formula, for if instead of his equation for 
the wave-length — 


we put 


when 


X=// 

— 4 
771 ^ — 4 
71 = , 

” 771 ^ ’ 

10 * _ 10 * 
w—v and //() = . 


same number of terms, and we know that any term in one of the 
sums only differs from the corresponding term in the other by 
the value of the constant fi ; then one of the sums is changed into 
the other if ju is changed to /, whence it follows that there are 
only two different values of the same function of /t. 

00 

Next, putting SF(;« + h) “f(77i + /*), 

m 

we have the general equation— 

n = «o + /*)» 
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then we have 


4«o 

« = «o - -2 


which equation is evidently the same as Rydberg^s general 
equation, if No in the latter = 4«o and /x. = o. 

In making use of the formula — 

No 

it must be remembered that Rydberg does not claim that it 
reproduces the measurements of the frequencies of lines with 
absolute accuracy — ^he recognises that it is only a very near 
approximation to the true relations. In comparing the cal- 
culated and observed values of frequencies by means of this 
formula, and by means of the formula of Kayser and Runge, no 
one will deny that the agreement is often better in the second 
case. Kayser and Range’s formula expresses a series of lines 
sometimes with extraordinary accuracy, but there its use ceases, 
while by Rydberg’s formula we are able to trace the connection 
between the different series, and even to calculate the wave- 
lengths of the lines of one series from the equation to another 
series. 

The methods of calculating the constants may now be 
described. 

First, to calculate the constant No- This has been done 
once and for all from the Balmer formula for hydrogen. From 
this formula we have — 


In calculating the value of Rydberg used the old values 
of the wave-lengths of the hydrogen lines as follows : — 


Therefore — 


h = 6562'io X f(for w = 3) = 364S’6ii 
= 486074 X 5(for »* = 4) = 3645-555 
= 4340 'io X |5(for m=i) = 3645-684 
= 4101-20 X J(for m = 6 ) = 3645-510 
Mean = 3645-590 
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From this N„ = = 109721-6. 

From later measurements of the wave-lengths of hydrogen 
reduced to vacuum, Rydberg finds the value of this constant to 
be 10967 5 '00,^ which he uses in all his more recent work. The 
other constants ;/o and /x are characteristic of each series or 
substance, and therefore must be found for each series ; before 
one can calculate them, it is necessary to know all the wave- 
lengths, or rather oscillation frequencies of the members of the 
series in question. In order to obtain the very best approxi- 
mations to the true frequency of the lines Rydberg proceeds as 
follows. It will be remembered that a complete series consists 
of a number of terms, each of which is double or triple, and 
that there is always a constant frequency difference between 
the first and second and the second and third members 
respectively along the whole series. In the case of a triplet 
series, for example, as many triplets as possible are picked out, 
and the values of the frequency differences vi and are 
found; the mean values of vj, vj, and +va are obtained 
from these, and with the help of these mean values the fre- 
quencies of all the second and third members of the triplets 
are reduced to the scale of the first members; that is to 
say, from all the second members vi is subtracted, and v^+v» 
from all the third members. In this way three values for the 
first member of each term is found, and the mean of these 
three in each case gives probably a far closer approximation 
to tlie true frequency of the first member of each term than 
tlie measured value. Perhaps an example will make this clear,, 

Sharp Series of Magnesium. 

2 .j 4 s 6 7 

51 19393*8 29973*3 33990*5 35948*0 37064*5 37750* i 

41*1 40*5 40*5 40*0 42*3 42*8 

52 19334*9 30013*8 34031*0 35988*0 37105-8 37792*9 

J'a 19*8 24*4 1 1 -6 33-4 20*6 

19354*7 30038*2 34042*6 36011*4 37126*4 — - 

* Paris International Reports, From Evershed’s values for hydrogen, 
given on j). 472, is 109705*33. 

T. P. C. 2 1 
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From these the mean values of vi, and Vi + Va are 
found to be 41 '4, 20*6, and 62*0 respectively, and thus we may 
reduce all observations to the scale of Si as follows : — 


Si obs. 19293-8 29973*3 33990*5 35948*0 37064*5 37750*1 

Sa red. 19293-5 29972-4 33989*6 35946*6 37064-4 37751*5 

83 red. 19292*7 29976*2 (33980*6) 3 5949*4 _37o64^4 — 

Means 19293*3 29974*0 33990*1 35948*0 37064*4 37750*8 


This last row of means is adopted as the best value of the 
frequencies of the first members of the triplets. Attention may 
be called to the fact here that since vi, va are the differences 
between the first and second and the second and third members 
of the triplets, the equations for the three members are the 
same, except that the value of «o differs in each case by the 
amounts vj and va. 

The method of calculation of the constant /a may now 
be considered. 

If and are the frequencies of two consecutive terms 
of a series, we have — 

No , No 

«■»=«»- Im + + I + /*)•■*’ 

U A _ - No _ N„_ _ . 

whence A« - ^ + i + 


it is evident, therefore, that A« is independent of the constant 
of the series Nq. 

Now, clearly /a lies between o and i, or may be considered 
as the fractional portion of the quantity m + /x, for if fx were 
greater than i, then we could consider m as being increased 
by I, and /a again as only the fractional part of the quantity. 
The finding of /x is rendered much more simple by this arrange- 
ment, which in reality makes no difference to the meaning of 
the equation. The simplest way to find /x is by means of an 
interpolation table, and Rydberg gives such a table in his 


No 


paper; this table contains all the values of the term 

for all the values of m from i to 9, and all the values of ix 
from 0-00 to 1*00 differing by 0*01. There are also given 
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the values of or dififerences between every two successive 
N 

values of increasing m to 7 ;i + i. This 

table is, unfortunately, calculated out with No = 1097 21 *6, but 
with a little trouble any one can calculate such a table with the 
new constant N,, = logdys’oo. 

In using this table for the finding of jn, first of all the values 
of An for the series are found, and as an example the series of 
thallium may be quoted as given by Rydberg, for which the 


values are as follows : — 

A. 

H 

A/x 

jn 

3517-8 

38426'9 

584S’S 

2644-3 

1418*0 

850-3 

544-8 

2 

2917*8 

2708*8 

34272-4 

36916-7 

3 

4 

2608*6 

383347 

5 

2552*0 

39185-0 

6 

2517*0 

39729-8 

7 


From the table we find that the difference in the value of 

{m + 


1. When m =; 2 and m = 3 is 5886*2 for ix = 0-89 and 5832*8 for n =s 0-90 

2. When/;^ = 3 „ = 4 „ 2662*3 ,, ju = 0*89 „ 2644*0 „ /w = 0*90 

3. When///. -4 ,, /// = S „ 1425*9 „ u = o’89 „ 1417*^ » / u - o*go 

4. When /// = 5 „ /// = 6 „ 851*4 „ m = 0*89 „ 847*4 „ /* = 0*90 

5. When/// = 6 „ /// = 7 i» 54^*8 „ /* = o*89 „ 544*3 » M = o'9i 


40*7 

Evidently the value of /x is given by i. as 0*89 + "■ X 'oi, 

53*4 

by 2. as 0*89 + Xo’oii, by 3. as 0*89+ x o*oi, by 4. 


x*i 4 

as 0*89 X . X 0*01, and by 5. as 0*89 + X 0*02. 

40 4 5 

Now, in finding the mean of all the fractions thus given 
Rydberg weights the values according to the square of the 
wave-length of the lines; these fractions are, respectively, 
multiplied by 100, 73, 68, 65, 63, which are the relative weights 
to be given, then all the numerators are added together and 
divided by the sum of all the denominators. In this w^ay the 
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mean comes out to 0*0082, and thus the value of is found to 
be 0*8982. 

We have, finally, to find the constant ;/», which may be done 
as follows ; — 

Writing the equation — 

N„ 

(F+Tp’ 

the value of can at once be found for all the analogous 
lines of the series, and their mean is adopted as 71^- To take 
an example, the above given values may be used of thallium, for 
which we have found that — 

, 109721*6 

+ 0-8982)*’ 

The values of the last term are calculated for - 2, 3, 4, 
etc., since these are the numbers of the lines in the series as 
given above; to the values thus obtained the corresponding 
frequency n is added, and thus as many determinations of Wd 
are obtained as there are lines in the series. These values arc 
weighed as before described according to X^, and the mean is 
then adopted as the constant ; in this case its value was found 
to be 41490*2. 

The complete equation is, therefore — 

100721*6 

Relation between the Series belonging to One Element. — 
There are existent in the spectra of all the alkali metals three 
different series, namely, the sharp, diffuse, and principal series ; 
the last series Rydberg called the principal series, as it contains 
the most important lines of the spectrum. It has already been 
stated that the sharp and nebulous series consist of either 
doublets or triplets, and the statement may be made that each 
element possesses two or three sharp series parallel to one 
another, and the same number of nebulous series also parallel 
to one another, and the frequency differences of corresponding 
rays are constant for each element. If, then, «i, //a, and 
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represent the values of the constant w,i for each of the sharp or 
nebulous series, we have — 

No 

« - + 

No 

No 

'' - “ (m H- 

and ;/a — = v in the doublet series, and in the triplet series 

= vi and — n2 = Va* There are thus four or six 
series with each element, and Rydberg calls them the first, 
second, or third .sharp or nebulous series as the case may be. 
The three sharp series form the sharp group, and similarly we 
have the nebulous group. 

Now Rydberg has found that the value of the constant ;;o 
is the same for the corresponding sharp and nebulous series. 
In other words, the convergence frequencies of the correspond- 
ing series are the same in the sharp and nebulous groups. If, 
therefore, we write 8 for /x in the equation for the diffuse series, 
and <r for /x, in the sharp series, we have the equations — 


Shakp Group. 

Nkhulous Group. 

~ (m + (r)'^ 

N„ 

" - "■ - Im + 

First series. 

No 

N„ 

Second series. 

‘ (m -f ary^ 

,t _ 


N„ 

« = 

Third series. 


These ecpiations show fully the connection between the six 
series. The principal series is a pair series, and has only been 
properly investigated in the alkali metals, though more recently 
Rydberg has found them in other substances, as we shall see 
later on. The pairs in this series have not a constant frequency 
difference, for the components of each pair get closer together 
as the order number rises. Evidently, .therefore, the two series 
should have the same convergence frequency, for, since as m gets 
larger the pairs become closer together, therefore at tire limit 
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when m=ioo they should be an infinitely small distance apart. 
This is experimentally borne out by the values of actually 
obtained. The more refrangible line of the pairs is always 
the stronger line, so that Rydberg calls the series of less 
refrangible lines the weak, and the other the strong principal 
series. The equations are as follows : — 


No 

No 

The connection between the principal, series and the sharp 
series is exceedingly interesting and important. Rydberg 
found that in the case of sodium, potassium, and rubidium the 
frequency difference between the members of the first pair of 
the principal series was almost exactly equal to the constant 
frequency difference of the pairs of the sharp and nebulous 
series. We may, therefore, put — 

No I No 1 


whence 


No_ No 

(m + {m + /*,)*• 


Rydberg has, however, found a very close relation between 
the sharp and principal series, namely, that they are both parts 
of the same series with two variables. He arrived at it in this 
way : In the case of lithium the pairs which undoubtedly exist 
in the spectrum have not been resolved, so that we have only 
three series — the principal, sharp, and nebulous series — each 
term of which is in reality a close pair. Now, Rydberg found 
for the sharp series of lithium — 


« = 28601 

(^ + 0-595X)’* 


and for the principal series — 

n = 434877 - 


109721*6 


(m + 0*9596)2’ 

where m = 2, 3, 4, etc., for the sharp series, and i, 2, 3, etc., 
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for the principal series. The value = i in the first equation 

^ , . io97^i’6 

gives a negative value of n because the expression ^~y2 

then equals 43123*7. Now this number is not far from the 
constant 434^7 ’7 of the principal series equation ; again, putting 
= I in the second equation, then — • 

^9721*6 

(in + 0*9596)*^ ^ 573 

a number very close to the constant 28601 of the sharp series 
equation. Within a close approximation, then, we may write 
for the principal series — 

n 1 I 

No ”■ (i + 0*593 1 )® *" + o‘9S96)"' 

and for the sharp series — 

n I I _ 

N„ ~ (i + o-gsgef “ (»/ + o-595i)*‘ 

Or, more generally — 

1 . - 7 for the sharp series, 

No ( 14 - /a) (m + crf ^ 


and 


n I I 

No “ (I + (rf “ + jif 


for the principal series. 


Putting m = I in both equations, we obtain the same 
numerical values of but the value obtained from the sharp 
series equation is negative. The first term of the sharp series 
is the same as the first term of the principal series ; in this case 
the red ray of lithium X = 6708. Referring again to the 
equation for the principal series of lithium given above, and 


putting in = 


T — 


n = 434877 - 


£0972r6 

(T+ 


shown to be equal to 28573*1, 

which is the constant Wq of the sharp series. In other words, 
the difference between the convergence frequencies of the 
principal and sharp series is equal to the frequency of the first 
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line of the principal series. This relation was later discovered 
independently by Schuster, and is generally known as the 
Rydberg-Schuster law. 

These relations are very important for several reasons. In 
the first place, it is possible to calculate the whole of the 
principal series from the sharp series as follows : — 

The sharp series equation is — 

No 

” - + trf' 

Putting ss T we get the negative value of which is the first 

line of the principal series ; further, the value of ' is the 

convergence frequency of the principal series. From these 
two terms the rest of the calculation is easy. Rydberg applied 
this in a brilliant manner to the lines of hydrogen ; this will 
be again referred to. 

One point more about this connection between the two 
series ; in the alkali metal series each of the terms is a pair, so 
we therefore have two equations for the principal, and two 
for the sharp series — 

No Iprindpal series. 

H I I I 

No ~ (i + o-y ('« ' 

No ~ (i + ~ + <r)’‘ 

, s n _ I } 

w n;- 

It is a natural consequence of what has gone before that 
the two series correspond in such a way that the more 
refrangible ray in the case of the first is analogous to the less 
refrangible ray of the second, and vice vers^. This can readily 
be seen from the equations ; let us put > /^a, then evidently 
equation (i) of the sharp series refers to the component rays 
of the pairs which have the smaller frequency, ue. the less 
refrangible ray of the pairs, while equation (2) refers to the 
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more refrangible ray. Putting m = i,then clearly equation (i) 
of the principal series (which is analogous to equation (i) of 
sharp series) will refer to the rays with larger frequency, and 
equation (2) of the principal series refers to the less refrangible 
rays. The conditions in the principal series are reversed, so to 
speak, from what they were in the sharp series. This is shown 
very clearly by the relative brightness of the component lines 
in the pairs of the two series ; for example, in the principal 
series of the alkali metals the more refrangible component of 
the pairs is <he brighter in each case ; in the sharp series it is 
the less refrangible ray which is the brighter. It is more 
strikingly, perhaps, shown by means of the Zeeman effect. In 
Chapter XIV., p. 467, it was shown how the principal series 
showed two types of resolution, one for the more refrangible 
ray of each pair, and one for the less refrangible ray; the 
same types exactly are shown by the sharp series, but in the 
reverse order, that is to say, the type of Dj, as it is called, is 
shown by the more refrangible ray of the pair, and the type of 
D2 by the less refrangible ray. 

Rydberg also deals with another series, one which is 
attendant on the nebulous series. He was only able to re- 
cognise it in the case of thallium, but quite rightly presumed its 
existence with other elements ; it occurs as a series of satellites 
accompanying the nebulous series. In this series the frequency 
difference between these rays and the corresponding ray of the 
nebulous series itself decreases with increase of m. The 
secondary series have, therefore, the same convergence fre- 
quencies as the nebulous series proper. 

We may now give the complete scheme for the whole 
spectrum of an element showing triplets. In this tabic /a, >/x.j 


Nebulous Group. 


I St nebulous series 

« _ ^ ^ D' 

2 ntl „ 

)> 

^ D' 

Srd 


« _ ^ .l_ . w 

N# (i + /*»)■■* ('« + 8')“ “ 
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Secondary Group (Nebulous). 


ist secondary series 

n T 

N, - (T+T,)* " 

I 

(m + 

D". 

2nd ,, ,, 

n 1 

N» = (i+Ag““ 

(m + sy 

D", 

Srd » » 

n 1 

No “ (1 + " 

(m + 8 "f 



Sharp Group. 



ist sharp series 

n T 

1 

(m + ar)'^ 

s, 

2nd 

n I 

I 

s, 


(tn + or)® 

3 r<i 

n 1 

I 

c 

n; = (i+a«.)‘“ 

(m + o-y 


Principal Group. 



ist principal series 

n • I 

I 

p, 

N„-(i +<r)“~ 

(m + Ihf 


*nd „ „ 

n I 

1 

Pa 

N „-0 +'cr)’‘- 

’ (m + 

3rd 

n I 

I 

' ('« + ihT 

P» 


There are thus twelve equations, which contain only six 
constants, if we do not include No, which is the same for every 
series and substance. 

In speaking of any line Rydberg uses the symbols given 
above for the series, and puts the number of the line in its 
series. Thus Cd [D] means all’ the rays of the nebulous group 
of cadmium, including the primary Cd [D'] and the secondary 
Cd [D"]. Again, Na [Pj, i] means the first line of the first 
principal series of sodium, which is the line, because the first 
principal series contains the lines of the pairs which have the 
greater frequency; this is due to the fact that Rydberg views 
the principal series as really part of the sharp series. Similarly, 
Rb [Sa 2] is the second line of the second sharp series of 
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rubidium ; it will be remembered that the first line is the first 
line of the second principal series. 

Rydberg gives in the latter portion of his paper the results 
of the application of his formulae to the spectra of many metals, 
and though they need not be reproduced here in any way, on 
account of the fact that they refer to Angstrom’s scale, and, 
further, because the wave-lengths he had to hand were not as 
accurate as they are at the present time. However, some very 
interesting conclusions are drawn by him in certain cases, which 
may be mentioned here. 

In the case of the alkali metals the three groups of series 
have been recognised, though in the case of rubidium and caesium 
very few terms indeed were found, only one each, for example, 
in the sharp and principal series of caesium. In lithium the 
series were only found to be single, probably, as Rydberg said, 
because the pairs were too close to be separated. He pointed 
out that the frequency difference of the pairs increased with 
the atomic weight of the elements, and that therefore it would 
be very small with lithium. Quite recently one of the lithium 
lines has been stated to be double. 

In the spectra of the metals copper, silver, gold, mag- 
nesium, and calcium, Rydberg found certain pairs of constant 
frequency difference, which he assigned to the principal and the 
sharp series, an arrangement which has been entirely confirmed 
by the Zeeman effect. 

Before leaving Rydberg’s work to treat of Kayser and 
Range’s in the same domain, attention may be drawn to a 
brilliant confirmation he has made of his theory in connection 
with the hydrogen spectrum. I have already pointed out how 
Balmer’s formula expressed the whole of the lines of the 
so-called elementary line spectrum of hydrogen. We may 
write this formula in the same form as Rydberg’s, thus — 


where 


« = 2741875 - 


;// 5= 2, 3, 4, etc. 


109675*00 
{m +' 1 )*-* ’ 


Now, in 1896 Pickering ^ discovered in the spectrum of the 


^ Astrophys. 4 . 369 ( 1896 }. 
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star f Puppis, which shows the hydrogen spectrum strongly, 
a new series of lines which is clearly related to the known 
hydrogen spectrum. Pickering showed that their wave-lengths 
could be expressed by the modified Palmer’s formula — 

^ = 4*550,7^2^ - 

In a further publication Pickering ^ united both the series of 

71 

hydrogen to one formula as follows : he put m = “ usual 

Balmer formula, and thus obtained — 

x = 3646-1^ 


where n = 6, 8, 10, 12, etc. He then found that the new 
series was obtained by putting ; z = ti , 13, 15, 17, etc. 

Now, Kayser^ at once pointed out that there are serious 
reasons against uniting these two series into one; among 
these may be asked — If they all belong to one series, why 
do we always in tenestrial spectra see only the half of the 
series ? 

Rydbeig® brings more conclusive evidence forward in 
favour of Kayser’s views. He first of all shows that the two 
series have the same convergence frequency, and then finds 
that the equation for the second series is as follows : — 


n = 27418*79 — 


109765 *00 
{vi + 0^00737)“* 


whence he obtained the following values at 16° and 760 mm. 
in air ; — 


5 6 7 8 9 ta 

\ obs. 4201*6 4026*5 3924*9 3858*6 3817*2 3783*4 

\ calc. 4201*54 4027*31 3925*18 3859*76 3815*17 3783*35 

Diff. +0*06 -0*81 -0*28 “1*16 +2*03 0*05 

The two series thus behave like the nebulous and sharp scries 


* AstropJiys » B. 92 (1897). 

6. 243 (1897). ® R/i/., 6. 233 (1897). 
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of hydrogen, and therefore the same deductions may be drawn 
from them as from the same series with other elements. 

Rydberg gives in this paper a most interesting list of the 
various values of the constant fi he has obtained more recently, 
which may be given in the following table ; according to our 
notation these are values of S and cr : — 


Element. 

Nebulous series. 

Sharp series. 

Hydrogen . . . 

1*000000 

0-500737 

Helium .... 

/0-997273 

\0-996084 

0*858110 

0*701464 

Lithium .... 

0*998063 

0*597337 

Sodium .... 

0*988436 

0*649840 

Zinc 

0*905336 

0*269148 

Cadmium . . * 

0*906478 

0*327899 

Silver .... 

0*982165 

0-447358 

Copper .... 

0*975792 

0-399765 


Now, as was shown above, it is possible to calculate the 
principal scries from a knowledge of the sharp series, and 
Rydberg does this for hydrogen from the values found for 
this series. Wo have the combined formula for the two series 
in — 

// 1 T 

io967S’oo “ (»/i+ i)^ 

using 0*5 instead of 0*50073. For the sharp series = i and 
= I, 2, 3, 4, etc., and for the ijrincipal series ///a = while 
varies. From this equation the following values for the 
principal series >verc obtained : — 

/;/! 1 a 34s 

« 21335-61; 36558-33 41889-75 44357'44 45697 ‘ 9 i 

^ 4687-88 3734-55 2386-50 2353-74 2187-60 

The values of n are for vacuum, but those of A. are roducocl 
to air at 16'’ and 760 mm. in order to agree with the observa- 
tions. Now, only the first of this series would appear in the 
spectra of stars on account of the absorption by the atmo- 
sphere. I'his line, if seen, ought to be extraordinarily brilliant. 
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like the red line of lithium and the D lines of sodium. As 
a matter of fact, there are in several stars of the fifth type a 
strong line at X = 4688, which is clearly the same line ; further, 
also, Hale and Keeler point out in a footnote to Rydberg’s 
paper that there is a line at 4687 in the spectra of several 
nebulae. It is clear, therefrom, that we have here the begin- 
ning of the principal series. Finally, the following table of the 
new lines was published by Pickering : ^ — 

Hydrogen Sharp or Second Subordinate Series. 


Desigaatiou. 

Observed. 

Calculated. 

Pickering. 

Rydberg. 



m 

m 

d 

— 

5 10128*1 

2 10117*3 

& 

54I3'6 

7 S 413'9 

3 S 41*'8 

i 

4542*4 

9 4 S 43‘6 

4 4 S 43‘3 

V 

4200*7 

11 4201*7 

S 4 * 01-5 

d 

4026*0 

13 4027'4 

6 4027-3 

c 

3 §f 4 *o 

IS 392 S ‘2 

7 3925-2 


3860*8 

17 3859'8 

« 3859-8 

d 

38157 

19 38iS’a 

9 3815-2 


3783'4 

21 3783‘4 

10 3783-4 


We may now turn to ELayser and Runge’s work on spectral 
series, and here we shall see that most excellent results are 
obtained by their formula, but that no relations are given 
between the various series. Rydberg says that the formula 
is only an interpolation formula which aims at expressing the 
observed results with the greatest possible accuracy ; Elayser,^ 
however, strenuously maintains that the formula is not an 
interpolation formula in the true sense of the word, as ordinary 
interpolation formulae do not express the results so well. 
Schuster® says that the simplicity of the calculation is in 
favour of Kayser and Runge, but that Rydberg’s formula 
brings out better the regularity and irregularity in the dis- 
tribution of the lines. 

' Astropkys.Joum,^ 6, 230 (1897). 

* Handbuch der SpeetroscopUy II, 526. 

* Nature, 67 . 320 (1898). 
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Kayser and Runge’s formula is in the nature of a 
converging series, and usually the following gives the best 
results : — 

= A 4 " Bw -f- 

but in certain cases, as we shall see, better agreement between 
observed and calculated numbers is obtained by the use of 
the formula — 

J = A + + Cf/t-K 

It must be remembered that both these formulae are only the 
first terms of a converging series, and that the terms containing 
higher powers of m are omitted; this is of no importance when 
is large, that is to say, for the smaller wave-lengths, but 
in the earlier numbers of the series, when m is small, the 
results obtained by the formula do not agree well with those 
observed, and this Kayser and Runge say is due to the 
w'ant of terms of higher powers of etc., in the 

first formula. 

After Runge published his preliminary notice,^ Kayser and 
Runge set to work to apply the formula to as many elements 
as possible ; in order to ensure as great an accuracy as 
possible, they determined the indices of refraction of air for 
different values of pressure, temperature, and wave-length, and 
their results were as follows : ° — 

io'()Xo - i) 28787 -H + o-3i6X"^ 

where X is expressed in fifji and the results refer to air at o® C. 
and 760 mm. pressure. The value at other temperatures (F) 
can be obtained from the equation — 


where a is the coefficient of expansion of air 0*00367. 

To reduce the wave-length of any line to vacuum it is only 
necessary to divide it by the index of refraction of air for 


* L(fc, cit. 


® Ahh, d. Bed, Akad. (1893). 
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that wave-length under the given conditions of temperature and 
pressure. A simpler method is to construct a table of correc- 
tions to be applied in reduction of wave-lengths to vacuo, from 
which the amount to be subtracted from the wave-length or 
added to the oscillation frequency is found by inspection.^ 
Kayser and Runge’s investigations of the spectral series 
appeared during 1890-93, and I give here some of the numeri- 
cal results obtained by them for certain metallic spectra, which 
show the agreement usually obtained between the observed 
and calculated values.® I also give the values for the same 
lines, which I have calculated from Rydberg’s formula, using 
the values of the constants ft he gave in 1897 ® and 1900,* 
which are calculated upon Kayser and Runge’s measurements. 
It is necessary to point out that Kayser and Runge give 
different names to the series which Rydberg calls the nebulous 
and sharp series. The names adopted by these authors are 
the first and second subordinate series respectively. Kayser 
and Runge adopt these names in place of those of Rydberg, 
because the series concerned are not always sharp or diffused 
as the case may be. Schuster has proposed die name of 
associated series. 

In the following table are given the wave-lengths of the 
lines of the lithium arc spectrum as determined by Kayser and 
Runge, together with the values obtained by calculation with their 
formulae j in the last columns are given the values as calculated 
from Rydberg’s equations. In connection with these list it 
must be pointed out that Rydberg only gives the value of 
S„, and o- and 8 in his tables j fi was found for the princiiial 
series from the equation — 


No 

(i + Pf 




as was described above. It will be seen that the agreement is 
extraordinarily good, considering that diis method of finding fiis 


^ For a full table of the corrections, see Watts’s Pidex of Spectra^ 
Appendix E, p. 52. 

= AhJu d. Perl Akad. 

“ Loc, cit, 

* International Reports^ vol. ii. p. 200 (Paris, 1900).. 
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only supposed to be approximate. The stars against the figures 
of Kayser and Range’s calculations mean that these were the 
numbers actually used in determining the constants of their 
equation. As was pointed out before, when the more re- 
frangible lines are used for determining the constant, the 
calculated values of the less refrangible lines are considerably 
wrong, owing to the want of a term containing 


Lithium Spectra. 



In- 

Principal 

series. 

First subordinate 
series. 

Second subordinate 
.series. 


tensity. 

Kayser 

and 

Kungc. 

Rydberg. 

Kayser 

and 

Runge. 

Rydberg. 

Kayser 

and 

Runge. 

Rydberg. 

8127-3 

<n 

}U 

in 

ut 

m 

m 

m 

— 

— 

— • 

«— 

3 8192*0 

2 81x3*52 

6708*2 

xor 

3 66oo-o8 

I 6710*04 

— - 

— 

— . - 


6103-77 

lor 

— 

— 

3 6103*77* 

2 6104*74 

— 

.... 

497a -IX 

7 </R 


— 

— 

— 

4 4972* ti’ 

3 4973*29 

4602-37 

yr 

— 

— 

4 4602-37* 

3 46o)‘82 



4273*44 



— 

— 

— 

5 4273*44* 

4 4274*73 

4 * 32*44 

8</ 

— 


5 4 * 32 * 44 * 

4 4 * 33*57 


39^5 *<J 4 

yu 


— 

— 


6 3985*94* 

5 3988*52 


(ui ' 

— 

— 

6 39 * 5*40 

5 39 * 6*34 



3838*3 

ii/K 

— 

— 

— 


7 3835*47 

6 3835* 

3794*9 


— 

— 

7 3795*25 

6 3796*08 



37 * 8*9 

3 <i 

— 

— 

8 3721-15 

7 




3670*6 

id 


— 

9 3672-01 

8 3672*69 

__ 



3232*77 

8?* 

4 3232*77; 

2 3230-48 

— • 



_ 

2741*39 

2562 

Ctr 

5 2741*39* 

3 2740*88 


... 



Sr 

6 2s62*&>* 

4 2562*63 

— 

— 


— 

2475**3 

4 ^* 

7 2475*33 

5 2475*63 


— 



2425*55 

3 ^ 

8 2425*56 

6 2426*14 


— 

— 

— 

2394*54 

ir 

9 2394-25 

7 239 S*tS 

— 

— - 


— 

2373*9 


to 2373*15 

8 2374*39 


— 


_ 

2359*4 

(?) 

ir 2364*22 

9 2359-79 

— 

— 


— 








' 






♦ Tho lines thus marked were used in the calculation of the constants 
of the formula. 


The equations Kayser and Runge used were as follows : — 

TO*’ 

Principal series . . = 4358473- i33669»-“-iiooo84«-‘ 

xo” 

ist subordinate series ^ = 28586-74— io982S*5«“-“— 1847;/“' 

10** 

and „ „ ^ =28666*69 — 122391//““— 23 i7oo;/~‘ 


T. i». c. 


2 K 
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Arc Spectrum ov Sodium. 


8 i 94 ' 76 x 

8184*331 

6161*15 

6x54*63 

5896*16 


5675*93 

5670*40 

SiS 3 ‘ 7 a 

SJ 49 ‘i 9 

4983-53 

4979’3«> 

4758-19 

4748-36 

4^:4 

4665*2 

454603 

4548*75 

4500*0 

4494*3 

44.83-7“ 

4420*3 “ 

4393*7“ 

4390-7“ 

4343*7“ 

4325*7“ 

3303*07 

3302*47 

3853*91 

3680*46 

2593*98 

2543*85 

3513*33 


133x8*47 

16230*71 

16347*90 

x 69 &*x 9 

16977*38 

X758 o ‘07 

17596*65 

17618*29 

17635*44 

19403*4^ 

19480*53 

30066*10 

20083*14 

2x043*93 

3x059*90 

31416*03 

31435*3* 

31997*31 

33013*10 

23333*32 

33350*41 

33605*51 

33633*41 

22759*86 

23775*41 

23021*85 

331X7*65 

30374*87 

30280*37 

3505**93 

37307*03 

38550*80 

39310-49 

39805-37 



Kayser and Runge. 

Rydberg. 




Si 1 


1 

Intensity. 

1 

eS 

.S 

1.8 

d subordina 
series. 

*n 

Si 

-3 

subordinate 

series. 


I 

s 

§ 

•§ 

t 




1 

Ps 

E 


m 

m 

m 

m 


— 

— 

3 8194*76* 

3 8184*33* 



2 8203*10 

2 8x91 *51 

idR 

— 


4 6161*15* 


— 

BdR 

— 

— 

4 6154-62*1 

— 

— 

9^ 

lor 

3 58*8*7 

3 5804*6 



1 5894-39 

X 5888*42 



MR 


4 5688*96* 

— 

— 

3 5689*70 

7^ 

— 

4 5689*90* 

— ' 


3 5684-14 

3^ 

— 

— 

*— 

— 

*“ 


— 

— 

— 

— * 


6 d 

— 

— 

5 5153*78* 

— 

— 

6 dR 


5 4983*53* 

5 5149*»9* 

“ 

4 4984-36 

sdR 

— 

5 4979*30* 

— 

— 

4 4980*09 

4 d 

— 

— 

6 4758-19* 



3^ 

— 

— 

6 4748-36* 

— 

— 

4^R 

— 

6 4668*^5 


— 

5 4670-31 

SdR 

— 

6 4664*68 

— 

— 

5 4666-56 

Sd 

— 

— 

7 4544*86 

— 

— 

od 


— 

7 4541*36 

— 

— 

9 d 

— 

7 4497*32 


— 

6 4499*55 

ad 

— 

7 4493*80 

— 

— 

6 4496*07 

— 

— 

— 

8 4491*95 



— 


— 

8 4418*65 

— 

•— 

— 

— 

09 00 


— 

7 4395*31 

— 

— 

— 

— 

7 4391*99 

— 

— 

— 

9 4342*44 

— 

- j 

— 

- 

9 4383*94 

- ' 

- 

(7 4326*64 
h 4383*42 

8r 

4 3303*07* 

— 

— 

2 3315*73 

— 

8r 

4 3308*47* 

— 

— 

2 3315-15 


6r 

5 3852*9 i* 

- 

- 

{32858-79 

(32858-60 


Ar 

6 2680*46* 

- 

— 

U 2683-64 
74 2683*55 



-/as93*Q5 

— 

— 

S 2596-00 

— 

23* 

^laS93*89 

— 


5 2595*95 



8/3543*75 

— 

— 

6 2545-38 

— 

xr 

®l9S43'6i 

— 

— 

6 aS45*3S 


xr 

f9Sll*77 

1 ”” 

— 

7 a5i3*34 

— 

^taSi**58 

! 


7 3513*33 

1 “ 1 


3 6x58*66 
3 6153*15 


4 5*55*30 
4 5*50*73 


5 4754**5 
s 4750*36 


6 4547*54 
6 4543*88 


7 4485*56 
7 4432*30 


9 4347*08 
.9 4343*77 


* The lines thus marked were used in the calculation of the constants of 
the formula. 

^ These lines were measured by Lehmann. 

® Liveing and Dewar, 
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The constants in Rydberg’s equations were — 

Principal series . . . P„ = = 43482*53 //. = 0*958841 
ist subordinate series = 28582-54 S = 0*998063 

2nd „ „ = 28582*54 0- = 0*597337 

In the preceding table the same is given for sodium, where 
the pairs are calculated ; it will be seen that in certain cases of 
the most refrangible lines the components of the pairs have 
not been separated. It will again be observed that the agree- 
ments are extremely good except in the case of the first 
member of the principal series from Kayser and Runge's 
formula, which is explained by them as being due to the want 
of a term containing 

Kayser and Runge’s equations are — 

1 o^ 

Principal series, =41542*51 — 130233;«“‘**— 800791;//“^ 

(2) -4x550*33- J3o7io^^~ -793751^’" 

10^ 

ist subord. „ (x) =24492*32 — iio585w“®—i76*6;;/~’‘ 

10** 

(2) ^ = 24510*21 — iio6o6w’'‘‘* — 177*6/?/“^ 

lo*^ 

2nd „ „ (i) ^ =24549'i2 — i2o726»»~'®— i9789i»;~-‘ 

10*^ 

(2) =24565-83 -i2o7i5;«-^-i97935»;-‘ 

In Rydberg’s equations we have the following constants — 
No = 109675-00. 

Principal series, P^, or convergence frequency 41452-61 — 
(2) Line of less frequency /* = 1-1163291 
(i) Line of greater frequency = 1-1170721 

First subordinate or nebulous series, = 0-649840 — 

(1) D,„, or convergence frequency 24470-13 

(2) D.j^, „ „ „ 24487‘32 
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Second subordinate or sharp series, o* = o’988436 

(1) Si„ = 24470-13 

(2) S,„ = 24487-32 

The table and constants give a very clear picture of the 
series lines in the sodium spectrum. In brief, these are three 
series of pairs, two series in which the pairs have a constant 
frequency difference of 17*19 ^d the same convergence fre- 
quencies, and a third series of pairs which have the same 
convergence frequency, and therefore consists of pairs which 
get closer and closer as the order number rises ] the first 
member of this series has the same frequency difference as 
that of the two other series, 17*19. 

This is Rydberg’s scheme, and one which is borne out by 
the actual values. It is common to all the alkali metals, but 
in lithium the pairs have not yet been definitely separated. It 
must be understood that the lists do not necessarily include all 
the lines measured in the spectra of the elements. 

For potassium and rubidium, Rydberg ^ gives the following 
values of the convergence frequencies : — 



Principal series. 

Mean of sharp and nebulous series. 

Kx 

3 Soo 8‘92 

i 3053'46 

K, 

35 oo 8’92 

13995*61 

IW, 

33706*66 

12837*51 

R#, 

33705*59 

12606*76 


Kayser and Runge point out that the frequency difference 
between the pairs of the principal series is not far removed 
from being inversely proportional to the fourth power of the 
number of the line in the series ] by the number of the line is 
meant the numbering in their own equation, when « = 3 for 
the first line. If n be made less than this, negative values will 
be obtained as a rule ; these negative values may, perhaps, have 
a real meaning, but reference can here only be made to Kayser^s 
Spectroscopic^ vol. ii. chap, viii., where a complete account of 
all his jomt work with Rimge is given, and to which' I am 
indebted for their values and measurements given in this 
chapter. 

^ International Reports^ vol. ii. p. 212 (Paris, 1900). 
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When we come to the divalent metals, then, the series 
become more complicated. In magnesium, calcium, strontium, 
zinc, cadmium, and mercury, Kayser and Runge have measured 
two complete series of triplets, or first and second subordinate 
groups of three series. The corresponding series in the two 
groups have the same convergence frequency, and each group 
has triplets of constant frequency difference. Now it has 
been found that the first subordinate series of triplets has 
accompanying satellite series, but the second subordinate series 
has no satellites.’- As far as is known at the present time the 
first member of the triplet has three satellites, the second 
member two satellites, and third member one satellite. This 
structure of the triplets has been most completely observed in 
the case of mercury. In the case of calcium the first triplet of 
the first subordinate series is the following : — 

4456*81 \ 

4456*08 > First line with two. satellites. 

4454*97 ) 

\ Second line with one satellite. 

4435 13 J 

4425*61 Third line. 

It is better shown in oscillation frequencies — 


First lin(i. 

VI Second line. v|i 

Ihird line. 

22437*57 

105-97 32543-54. 53-21 

23S9S7S 

3*68 

371 


First satellite 22441*25 

22547-25 


5*59 



Second satellite 23446*84 




A complete triplet 
following : ^ — 

3663*46 ^ 
3663*05 f 
3655*00 ( 

3650*31 J 


in the spectrum of mercury is the 


3131*95'] 

3131*66 

3125*78, 


2967*64 

2967-37 


* This satellilc scries was first noticed by Rydberg in the case of 
thallium ; the satellite scries liavc the same convergence frequency as the 
corresponding series in the first subordinate group (see above, p. 489). 

® Runge and Pasclicn, Aslrophys, Journ,^ 14. 49 (1901). 
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or in oscillation frequencies — 


27296*60 

vi 

4632‘39 

31928-99 

va 

1767*82 

33696-81 

yos 


2*96 


3-06 

27299*65 

4632-30 

21931*95 

1767-92 

33699-87 

60*13 


6006 



2735978 

35*15 

27394*93 

4632-23 

31992*01 




The triplet principal series in these elements has not been 
discovered. 

Now there exist in these spectra certain pairs of constant 
frequency difference which Rydberg attributed to the principal 
and two subordinate series of doublets, such as occur in the 
spectra of the alkali metals. In magnesium, for example, he 
attributed them as follows : — 


Js. 

2802*80 

2795*63 


I Principal series. 


2798 07 ) subordinate series. 

2790*88 I 

2936 6t I subordinate series. 

292873 ) 

This has been entirely confirmed by the behaviour of these 
lines in the magnetic field.^ 

Similarly in calcium the pair at 3933*83 and 3968*63 
(H and K lines) is the first pair of the principal series, 
3737*08 and 3706*18 the second subordinate series, and 

^3179*451 3 ^ 5 ^* 9 ^ member of the first subordinate 

series ; in the last case the first line has a satellite. 

In addition there occur other pairs and triplets in these 
spectra of constant frequency difference, but which do not 
belong to any known series j for example, in the spectrum of 

magnesium there are two pairs at and 

1277994) 12705*47!) 

whose frequency difference is 40*5. This frequency difference 
' See Chapter XIV., p. 469. 
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is half that occurring with the three pairs mentioned above. 
Again, there is a series of isolated lines in the magnesium 
spectrum at 5528-75, 47o3'33> 4352‘iS> 4167-81, 4osS*4S> and 
3987-08 ; these Rydberg ^ attributes to a new kind of series, for 
which he gives as formula a combination of his and Kayser 
and Runge’s expressions — 

10” _ h c 

X ^ (in + (m + /x)-* 

Fowler 2 has observed four more lines at 4511*4, 4251-0, 
4106-8, and 4018-3, which apparently form an associated series 
with the last series. The two series have the same convergence 
frequency, and can both be expressed by the formula — 

c 

n = ;; — — ■ — ■■ 

“ (ill + iLf — ^;/o 

Fowler calculates the wave-lengths of the first two lines of 
the new series; they are 5065 and 6674-5. The first of these 
is evidently the line at 5067, but the second has not been 
observed. 

Very important work lias been carried out by Runge and 
Paschen upon the series of lines in the spectra of helium,*^ and 
of oxygen, sulphur, and selenium.^ In the case of helium six 
series were found, two of which were principal series, two first 
subordinate, and two second subordinate series. One of the 
first subordinate series was a pair series. 

The equations of the series were as follows ; — 

10^ 

Principal ser., (i) = 38455*324 — io989r;;/“‘-*— 14307/?/“’* 

10** 

ist subord. „ (i) = 29224-35 — 109836-3?;/“** — 167;//“’* 

10^ 

2nd „ „ (r) ^ = 29I97'97 - io6iS2‘4;«-‘^-8656oot“'' 

V = 10-07 

1 Wied, Ann.y 60. 625 (1893) ; and 62. 119 (1894). 

3 Troc. Roy, Soe,, 71. 419 (1903). 

* JSerl, Per, (1895), 639; and Brit, Ass, Report (1895), 610; also 
Rydberg, Astrophys, Jount.^ 4. 91 (1896). 

‘ Astrophys, Jouni,, 8. 70 (1898); and Wied, Ann., 61. 641 (1897). 
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Principal ser., {2)-^ = 32029*86 — 109537;;/ " — 1963*6;;/^® 
10*^ 

ist subord. „ (2) = 37175*16 — 109758*6;;/ 272*6;//““® 

TO® 

2nd „ „ (2) = 27168*595 — 108825*6;;/” “'*—35 960;;/'" ® 

The general formula |- = A — B;;/~® — C;;/ ^ answered 

better than Kayser and Runge’s formula, in which ;;/ ' ^ is used. 
It will be seen that the first and second subordinate series form 
two pairs with the same convergence frequencies, and as there 
are two principal series Runge and Paschen concluded that 
helium must be a mixture of two gases, to which, following 
Johnstone Stoney’s suggestion, they gave the names helium and 
parhelium ; this conclusion has been, however, proved erroneous, 
both by the chemical and physical behaviour of helium, and 
also by the fact that such an occurrence of series is present in 
other elementary spectra. 

The spectrum of oxygen has been shown by Runge and 
Paschen to contain two triplet series, and two series probably 
consisting of pairs. This spectrum of oxygen is the one called 
by Schuster the elementary line spectrum, i,c, the spectrum of 
the oxygen molecule in a more dissociated condition than it is 
in the case of the compound line spectrum. These series are 
also better expressed by an expression of the form — 

^ = A — B;;/”® — C;//”®. 

Thiele^ has come to the conclusion that the law which 
expresses the wave-lengths of the Imes of a series must have 
the form — 

X=^f[{n + cn 

where c is a. constant and is called the phase of the series. 
If ;/ be given all real integral values, it is evident that A. must 
have one maximum and one minimum value. In the neigh- 
bourhood of Ao =/(o) a finite number of lines are crowded 


* Asirophys, 6 . 65 ( 1897 ). 
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into an ordinary head, but near = /(®o) an infinite number 
of lines are generally crowded into a finite space which clearly 
occurs in line spectra, and this Thiele calls the tail of the 
series. Further, the most important consequence of the above 
formula is that it is necessary to take into account the lines 
corresponding to both positive and negative values of in 
other words, a true series should consist of two branches, 
each of which would be called a series. That there are two 
branches has been clearly established in certain band spectra ; 
these two branches need not necessarily both be observed, 
for it is possible for them to coincide, Le. when ^ = o or 
Thiele suggests that the two subordinate series of the metallic 
spectra are in reality the two branches of one series. 

Thiele takes Pickering’s formula (p. 492) and modifies it 
algebraically to the form — 

a + * 

whore A. = when ^ = o, and X = X^ when w = 00 , 

From this we have — 


and 


X — x„ __ ( w 

X^ - X ~ a 
X '-x,r‘_^x,. (n + cy^ 
X^"”^ — X ‘ X,, a 


Based on this formula, Thiele found a method of cal- 
culating the spectrum of helium as two branches of the same 
series ; he found the following values^ which have been selected 
from his list : — 


- 14-85 

3482-509 

4.0-07 

- 13-85 

34.91-868 

- 0-13 

— io '85 

3538-093 

- 0-139 

-7-85 

3653-506 

--0-366 

-4-85 

4 I 23-<>41 

- r526 

-2-85 

7069-532 

~ 1*92 

-1-85 

-10851-859 


-0-85 

-356-046 


+o'i5 

+243-634 


+ rr5 

- 1088-710 


+ 2'I5 

+61308-022 



3*15 

5877-477 

0000 

4*1 S 

4473-868 

40-010 

7*15 

3706-176 

40-009 

10*15 

3555-574 

40-016 

*3-15 

3499-780 

-0-02 

16-15 

3472-964 

0-00 

19*15 

3457-899 

0-00 
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The first lines belong to one of the second subordinate 
series, while the latter portion belong to the corresponding 
first subordinate series.^ 

Quite recently a very valuable paper has been published 
by Ritz on the theory of spectral series/^ Unfortunately, how- 
ever, this is only an abstract of the main paper, which ap- 
parently has not yet appeared. The author starts with 
Rydberg's equations for the two series of hydrogen lines— 

± r 

and 

and arrives at the general equation for all substances which 
give spectral series — 

where/ and q are the roots of certain transcendental equations. 
These terms can be expressed in semi-convergent series of the 
form — 

/ = + . . 

^ ' nr ^ nr ^ 

It is clear from this that the term No is absolutely the same for 
all substances, as Rydberg has always maintained. 

If now we take the above formula, using only the first 
two terms of the converging series, we then obtain Rydberg's 
general formula — 

- + a)® ~{n + a')0; 

this shows that the formula is only a first approximation. 
Further, it is clear that in order to obtain a second and better 


^ See Runge and Faschen, loc, cit, 
® Phys, ZHtschr.i 4 . 406 (1903). 
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approximation we must take in a third term of the converging 
series, and not alter the constant Nq. We thus have for a 
single series (n = constant) — 


±r = A- 


109765*00 



where = i, 2, 3, etc. This formula gives very striking 
results when applied to spectra. Further, the connection 
between the principal and second subordinate series is in this 
way mathematically proved, and the two can be united in one 
formula. The doublets of these two series in the spectra of 
the alkali metals are given by the formula — 


± ^ = No 


' + + ('” + °‘S+“ + (;« + 0 - 5)0 


±r=N. 




In the case of sodium and potassium Ritz has calculated 
out the wave-lengths of the lines, and it will be seen how 
great an accuracy the formula gives. The values of the 
constants were — 


Sodium. 


531)^= -0-1158 


0, =0-14595] 

Oa = 0-1452 
a' =0-15157 i8‘ = -0-05586 


Potassium. 
“1 = o’29034-) p _ 

03 = 0-28750 r 


a' = 0-31789 ) 3 ' = 


2239 

0*1076 


In the following tables the calculated wave-lengths are not 
given, but only the differences between these and the observed 
values. The latter are given in the first column ; in the second 
arc given the differences obtained by Kayser and Runge, the 
asterisks meaning that the observed values were used to obtain 
the constants in the fonnula. In the third column are given 
the differences obtained by Ritz. 
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Sodium. 






Principal Scries. 



n 


KR 

R 

n 

KR 

R 

= 1 

[5896*16 

15890*19 

+ 7 ^ 

+86 

0*00 ■ 

0*00 

6 3593-98 

1+0*03 

1+0*09 

-0*13 

-0*08 

3 i 

[3303*07 

13302*47 

00* 

00'^ 

+ 0*03 
00 

7 2543-85 

1+0*10 

1+0*24 

— 0*22 
-0*19 

4 

2852*91 

00* 

j -0*10 

1 +0'07 

8 2512*23 

i+ 0*5 

1+0*6 

-0*15 

-0*12 

5 

2680*46 

00* 

( -o*o8 
\ 0*00 







Second Subordinate Series. 




m + i 


KR 

R 




I '5 

5890*19 

+ 334*0 

0*00 




2'5 

11404*0 

- 1*14 

+ 0*9 




3*5 

6161*15 

— 0*00*^ 

0*00 




4*5 

515372 

0*00* 

-0“25 




5‘5 

4752*19 

0*00* 

-0*23 




6*5 

4546-03 

+ ri6 

+ 0*21 




rs 

44237 

+ 17 

— 0M7 



Only one line of the pairs is given in this series, as they 
have a constant frequency difference. 


Potassium. 


Principal Series. 


n 


KR 

R 

n 


KR 

R 

2 

(7701-93 

+ 161*3 

0*00 

7 

/ 3034*94 

+0*23 

— 0*20 


17668-54 

+ 1 50*6 

-0*24 


13034*94 

+ 0*44 

—0*05 

3 

(4047-36 

\4044-29 

0*00* 

0*00* 

O'OO 

0*00 

8 

2992*33 . 

/ + 0*68 

1 +0*80 

— 0*19 
-o*o8 

4 

f 3447-49 

\3446-49 

0*00* 

0*00* 

+0*13 
+ 0*12 

9 

2963*36 

/ + 1*05 

1 +I*U 

-0*13 

-0*07 

5 

13217-76 

0*00* 

0*00 

10 

2942*8 

/ +T *45 

-0*27 


I3217-27 

0*00* 

+0*05 


\ + 1 *60 

-0*23 

6 

(3102-37 

+0*27 

+ 0*10 






13102-15 

+0*36 

+0*40 






The second subordinate series of potassium agrees with the 
observed values just as closely as in the case of sodium. This 
formula, developed by Ritz, is a great advance in our knowledge 
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of spec tral series ; by its means Rydberg^s equation is shown 

0 )e *i irst approximation to the truth, and that Rydberg's 
conten ions in favour of the general constancy of the term No 

connection between the various series are perfectly 
Justi c . le differences between the observed and calcu- 
att va ues given with Ritz’s equations may be quite well 
accounted for by experimental error in the former. It must 
>c remcm )ered that the measurements of the lines in the 
spot.tra c) the metals were made upon photographs taken of 
the arc sijcctraj they are probably therefore liable to small 
errors owing to the breadth of the lines and the pressure of the 
atmospicrc (see next chapter). In order to obtain absolute 
accuracy it will be necessary to observe the lines obtained in 
t le «pcctra of the metals given by vacuum tubes such as were 
used by *Iamy and Michelson, and, further, to use some form 
of interference apparatus for purposes of measurement of their 
wavo-lengtlis. 

The Second Type of Regularity.— There remains now to 
)e dest-ribed the second type of regularity in spectra ; for the 
discovery of this type we are indebted to Kayser,^ and to 
Raysor and Runge.^ In these spectra the regularity consists 
in the recurring of certain constant frequency differences 
between the lines; nothing further at present is known con- 
K'crning the structure of the spectra ; no series have been found 
similar to those previously described. The elements whose 
spijctra bcrlong to this group are tin and lead, arsenic, anti- 
mony, and bismuth, ruthenium, palladium, and platinum; 
further, also, Rydberg has shown similar differences in the 
.spectra of < copper ^ and argon.* The occurrence of constant 
frequcn<7 cliflerences can best be shown by the two examples 

01 tin and antimony (Kayser and Runge), 

* AM. I, /M. Akatl (1897). ^ Ibid. (1894). 

^ Ashvlhys.joum., 6. 239 (1897). • ♦ Ibid., 6. 338 (1897). 
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Tin. 


T 

3 

3801*16 

3i7S‘i3 

333071 

2840*05 

2850*72 

2483*49 

2813*66 

24SS'32 

278ST4 

2433*57 

2779-92 

2429*59 

*S94'49 

2286*75 

2571-67 

2269*00 

2524-05 

2231*85 

2495-80 

2209*73 

2408*27 

2140*84 

2358*05 

2101*06 

2317*32 

2068*67 


3 


- 0*01 
+ 0*01 
+ 0*01 
— 0*02 
-0*04 
- 0*01 
+0*04 
+0*03 
+0*05 
+0*05 
+0*26 
— o*i6 
+0*03 


4 

5 

3009*24 

0*00 

2706*59 

+0*02 

2380*83 

—0*01 

2354*93 

+0*01 

2334*93 

—0*04 

2199*42 

+0*04 

2148*59 

+0*11 

2064*12 

-0*32 

— 

— 


In this table the first column contains a number of lines 
whose oscillation frequencies when increased by 5187-03 give 
the lines in the second column, the errors being shown in 
column 3; again, if we add 6923*26 to the frequencies of 
the lines in the first column, the frequencies of the lines in the 
fourth column are obtained with the differences given in the 
fifth column. In this way the lines in the horizontal rows form 
triplets of constant frequency difference. 

A similar arrangement is found in the case of antimony. 


Antimony. 



1 




, 



I 

1 2 

1 

3 

4 

5 

1 ^ 

4033' 70 
3637-94 

3232*61 

2851*20 

2719*00 

2652*70 

2614-74 

2554-72 

2481*81 

2373*78 

2329*19 

2306*56 

3722-92 

3383'a3 

3029*91 

2962*34 

2574*15 

2514*65 

2480*51 

2426*44 

2360*57 

2262*63 

2222*08 

2201*47 

2770*03 

2528*61 

2289*09 

2203*09 

2159*36 

2670-73 

*445-61 

2220*85 

2139*81 

2098-53 

239S'30 

2212-63 

2352*32 

2175*90 
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By adding to the frequencies of the lines in the first column 
2069-49, 86 i 2-6 i , 9954-87, 14260-29, and 15023-19, the lines 
in the columns 2, 3, 4, 5, and 6 are obtained, the errors being 
exceedingly small in every case. 

The spectrum of copper is very interesting, because it shows 
on the one hand close analogies with the alkali metals, and on 
the other Rydberg has found similar series of lines with 
constant frequency differences like the heavy metals just 
mentioned, which cannot be arranged in series. Rydberg 
finds a series of six triplets, for which vj = 129-50 and 
’'a^So'SS, also two series of pairs with these frequency 
differences; also a series of triplets with n = 680-19 and 
V3 = 212-21, and again one series of pairs for which 
v = 680-19, and another with v= 212-21. Rydberg also 
shows that these triplets and doublets can be sometimes 
arranged like the complex triplets of the alkaline earth 
metals. This is shown in the table — 


26599-07 129-46 26728-53 50-47 26779-00 

'’7973 679-84 680-02 

37378-80 129-57 27408-37 50-65 27459-02 

212*35 212*22 
37620-72 50-52 37671-24 


It will be seen that all four values of the constant frequency 
difference are to be found in the triplet. The red spectrum 
of aigon contains a regularity quite similar to that of tin 
and antimony, etc.; the con.stant differences are 846-47, 
1649-68, and 2256-71, these being supposed to be added 
to the lines in the first column as in tin and antimony 
above. 

Band Spectra. — By a band spectrum is meant a fluted 
spectrum, or channelled-space spectrum, which, under higher 
dispersion, is re.solved into groups of fine lines. These l i ne s 
always get closer towards the red or blue, until they run 
together to a single line called the head. A single band thus 
consists of a single line or head, from which start a series of 
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lines, which become more and more separated the further they 
are away from the head. A number of these heads with their 
attendant series form a group of bands, and a complete band 
spectrum may contain several of these groups. Such banded 
spectra are given by nitrogen in a vacuum tube; we have here 
two banded spectra, one in the positive column of the electric 
discharge and the other in the negative glow. We have also 
amongst others the cyanogen bands, and the two-band spectra 
of carbon. 

For our knowledge of the structure of these bands we are 
indebted to Deslandres, whose work may be briefly described.' 
The first point noted by him was that the oscillation fre- 
qu^cies of the lines starting from one head form arithmetical 
series ; we may call this, with Kayser,* Deslandres’s first law. 
Deslandres noted that more than one such arithmetical series 
of lines can proceed from the same head ; in the band spectrum, 
due to one particular substance, all the bands resemble one 
pother, arid comprise the same number of series all arranged 
in the same way. 

A band spectmm thus consists of repetitions of similar 
groups of lines, e^. pairs, triplets, quartets, etc., the number 
and distribution of the lines in the groups being connected 
with the number and distribution of the atoms in the 
vibrating molecule. This regular distribution of the lines 
may be to a small extent upset by certain irregularities and 
disturbances. 

If now the heads of the bands forming a group be 
eramined, it will be found that these again are regularly 
distributed in the same manner as the lines in each band. 
The difierences in frequency of the heads of the bands in each 
group form an arithmetical series, but the arrangement of the 
heads is reversed from that of the lines forming each band; 
that is to say, if the bands themselves are degraded towards 

* See the following papers : Comptes rendus, 100. 1250 (1885) ■ 108. 
375 (1886) j 104. 972 (1887) ; 108. 842 (1888) ; 112. 661 (1891) • 184. 
747 {1902) 5 188. 317 (1904); ^nn. Chim. Phys,, 16. 5 (1888); Tour d 

10. 276 (1891). ■ ■ 

* Handhuh der Spectroscopic, II, 475. 
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the then the heads of the bands form sub-groups, which 
are degraded towards the red. Two further points of interest 
may be noted : first, that if we examine the successive sub- 
groups of a band spectrum in the direction in which the bands 
are deg^ded, it will be found that usually the number of 
bands in each sub-group is one less than in the previous 
sub-group; the second point is that while the head of each 
band is the brightest line in the band, the opposite is the 
case with the heads of the bands forming one sub-group, 
counting from the opposite end of the spectrum from the 
one to which the bands are degraded, the first head is the 
bnghtest in each sub-group, the second one next brightest, 
and so on. 

The arrangement of the heads in a group of bands, so that 
they form an arithmetical series, may be called Deslandres’s 
second law. 

We may consider these laws of Deslandres more fully.. 
The several series of lines forming each band are so arranged 
that the frequency differences between successive lines form 
an arithmetical series. Deslandres pomted this out first for 
the band with its head at 39i4'6 in the negative pole spectrum 
of nitrogen. Such a series of lines can be expressed by a 
formula of the type — 


^ = A 4 - 

where « is a series of positive integers, i, 2, 3, etc. 

In the case of the band with its head at 3914-6, it can be 
very closely expres.sed by the formula — 

I == 35 S' 4 S 4 + o-coi533s(/i _ i)s, 
as is shou-n by the following table 
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Number of the 
lines. 

observed. 

X 

^ calculated. 

Differences. 

I 

2SS'4S4 

aSS‘4S4 

0-000 

10 

2SS‘578 

2SS‘S78 

0-000 

IS 

aSS7S8 

255*755 

+0-003 

23 

356-197 

250-196 

+0-001 

31 

256-832 

256-834 

—0-002 

39 

257-672 

257-668 

+0*004 

47 

258-692 

258-699 

-0*007 

§5 

259-916 

259-920 

-0*010 


261-308 

261-349 

—0*041 


Kayser and Runge^ have proved this law also in the case 
of the great cyanogen band at A. = 3883*55 ; they have shown 
that the law is not accurate when the series is exceptionally 
long, as, for example, in the case of this band. The results 
are shown in the following table, in which the wave-lengths 
are given ; — 


n 

X observed. 

Calculated by 
Deslandres’s 
formula. 

Differences. 

Calculated l>y 
Kayser and 
Runge. 

0 

3883-55 

3883-55 

0*00 

3883-48 

10 

3882*50 

3882-51 

-0*01 

3882*10 

20 

3879'36 

3879-41 

—0*05 

3879-30 

30 

3874-16 

3874-25 

—0*09 

3874-13 

40 

3866-95 

3867*04 

—0*09 

3866*96 

50 

3857-82 

3857-82 

+0-00 

3857-83 

60 

3846-79 

3846*61 

+0-18 

3846-81 

70 

3833-93 

3833-44 

+0-49 

3833-95 

80 

3819-36 

3818-35 

+ I-OI 

3819-37 

90 

3803-16 

3801*40 

+1*76 

3803 17 

100 

3785-42 

3882-63 

+2-79 

3785-43 

1 10 

3766-39 

3762*10 

+4*29 

3766-36 

120 

3746-15 

3739-87 

+6-28 

3746- It 

130 

3724-91 

3716*00 

+8*91 

3724-90 

140 

3702-92 

3690*56 

+ 12-36 

3702-97 

150 

3680-51 

3663*62 

1 +16-89 

3680-58 

160 

1 3658-05 

3635-25 

+22*80 

3658-05 


The formula used for the third column was — 


^ Abhand, Perl, Akad, (1889). 
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The figures in the fifth column were obtained by Kayser 
and Runge with a pure interpolation formula — 

^ -f sin {dny. 

The Deslandres formula gives excellent results up to the 
seventieth line, but after that the intervals decrease rapidly in 
relation to the series. 

Deslandres also points out that jyhen there are more than 
one series in a band, these series are identical, and may be 
obtained one from the other by simple addition or subtraction 
of a constant; each series differs only in the value of the 
constant a. 

Turning now to the second law of Deslandres, we have 
exactly the same arrangement of the heads of the bands in a 
group 1 as in the case of the lines in each band. Each group 
contains several series of heads of bands ; each series is so 
arranged that the intervals between the fre(juencies of sue*' 
cessive heads form an arithmetical progression, and, further, 
all the series in each group are exactly similar, and may be 
obtained one from the other by adding or subtracting a constant. 
This was first proved by Deslandres in the case of the second 
group of the positive nitrogen spectrum (A. 5000 - A. 2800). 
The heads of bands in one series can, therefore, be expressed 
by a formula of the same type as in the case of the line 
series — 


l=C + Bni 

A 

The five series in the second group of the nitrogen spectrum 
may l)e quoted. 

1 By a poup of bands is meant the whole set of bands whose heads 
form associated series ; such groups contain sub-groupings, in which the 
heads of bands arc arranged very similarly to the lines in each band, but 
in the reversed sense, as explained on p. 512. 
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Series x. 

BB 

B 

— 

— 

— 

— 

— 

— 

— 

— 

193*162 

— 

188-372 

207*770 

— 

203-388 

222*787 

198*776 

2x8*685 

238*080 

214*352 

234 ' 2 S 6 

253714 

230*247 

250*117 

269*587 

246-374 

266*350 

285-791 

262*872 

282*831 

302*230 

279*636 

299-569 

318*990 

296*664 

316*628 

336*020 



^Bj 


183*251 

201*045 

14-136 

197*360 

215-179 

14*428 

2H*792 

229*578 

14*719 

226*517 

244-279 

15*010 

241 '518 

259-316 

15*302 

256-837 

274*664 

i5'593 

272*444 

290-247 

15*885 

288*337 

306-077 

16*176 

304*492 

322-247 

16*468 

320*946 

338-707 

16-759 

337*723 

355-479 

17-051 

354*772 

““ 



The mean difference between series i and 2 is 19*9307, 
between series 2 and 3 is t 9’4I9, between series 3 and 4 is 
18*7247, and between series 4 and 5 is 17*782. 

The differences between the consecutive terms are given 
in the l^t column; they form, as can at once be seen, an 
anthmetical series. The five series are, therefore, absolutely 
similarly constituted, and only differ from one anotlier by a 
constant amount in each case. 

Cuthbertson ^ was the first to point out that the first group 
in the positive spectrum of nitrogen could be arranged in the 
same way; he arranged the heads of the bands in thirteen 
series, some of which contain only two members. 

This table may be given here on account of the interesting 
way in which it confirms Deslandres's law : 


^ PM . Mag -., 3 . 348 (1902). 
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All the bands except 163*19 and 164*74 conform to this 
scheme very well; one band, 183*73, is used twice. Cuthbert- 
son points out that the last member of the thirteenth series, 
195*02, is consecutive to the last member of the first series. 

Deslandres ^ pointed out that if fifteen series were adopted 
in place of the thirteen which Cuthbertson recognises, then 
the two heads at 163*19 and 164*74 once conform to the 
scheme, as well as a new head measured by Thalen at 147*29. 
Further, it is interesting to note that in addition to the fact 
the intervals between the horizontal rows form an arithmetical 
series, the intervals between the vertical columns also form 
an arithmetical series, which Deslandres has called the second 
progression. 

Now, it has been shown that both the heads of the bands and 
the lines in the bands can be expressed by formulae of the type — 

= A + B«*. 

The two formulae can be united into one — 

^ -f- C. 

Deslandres calculated back by means of this formula to 
the origins of the five series in the second group of the nitrogen 
spectrum given above \ he then found that the squares of the 
numbers so obtained formed a series, the intervals between 
whose terms formed an arithmetic series. The term C can 
therefore be replaced by VC/® + r, where / is a series of 
integers. Again, the term A is not a constant for all the 
series j it appears to be a simple function of the parameters 

and which define the originating line of the band. 
Deslandres thus arrives at the general formula — 

being the squares of successive whole numbers, B a 
constant, and f and ^ special functions to be determined. In 
general the variations of m give the rays of one band, and 
those of n and/ the heads of the different bands. By means 

^ Comptes Refidusy 134 . 747 (1903). 
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of this formula the heads of the bands given by Cuthbertson 
above can be calculated as follows : — 

I 




n 

/ 

Calculated. 

Observed. 

Differences. 

S 3 

48 

14737*3 

14729 

- 8*3 

52 

48 

16329*0 

16319 

— 10*0 

52 

47 

14919*6 

1491S 

-4*6 

SI 


16481*0 

16474 

— 7*0 

SI 

46 

15100*9 

15096 

- 4*9 

so 

46 

16632*0 

16627 

- 5*0 

49 

46 

18132*8 

18129 

- 1-8 

48 

46 

19603*2 

19607 

+ 3-8 

SO 

4 S 

15281*3 

15278 

- 3*3 

49 

45 

16782*1 

16779 

— 3 'i 

48 

45 

18252*5 

18251 

- 1*5 

49 

44 

15460*8 

15458 

—2*8 

48 

44 

16931*2 

16391 

—0*2 

47 

44 

18371-9 

18373 

+ I-1 

46 

44 

19781*1 

19782 

+ 0*9 

4 S 

44 

21760*6 

21168 

+ 7*4 

48 

43 

15639*2 

15637 

— 2*2 

47 

43 

17079-4 

17080 

+0*6 

46 

43 

18489*2 

18491 

+ 1*8 

4 S 

43 

19868*6 

19872 

+ 3*4 

44 

43 

21217*8 

21225 

+ 7*2 

47 

42 

15816*7 

15815 

— 1*7 

46 

42 

17226*6 

17228 

+ 1*4 


42 

18606*7 

18611 

+ 4*3 

46 

41 

15993*5 

15991 

- 2*3 

4 S 

41 

17372*8 

I 737 S 

4-2*2 

44 

41 

18722*0 

18726 

+ 4*0 

4 S 

40 

16168*9 

16165 

- 3*9 

44 

40 

17518-1 

17519 

+ 0*9 

43 

40 

18836*9 

18842 

+ 5*1 

43 

39 

17662*4 

17665 

+2*6 

42 

39 

18950*9 

18955 

+ 4*1 

42 

3 ^ 

17805*8 

17808 

+2*2 

41 

38 

19064*0 

19067 

+ 3*0 

41 

37 

17948*2 

17951 

4-2*8 

40 

37 

19176*1 

19178 

4-1*9 

40 

36 

18089*7 

18093 

+ 3*3 

39 

36 

19287*3 

19286 

-1*3 

39 

35 

18230*2 

18232 

4 - 1-8 


35 

19397*5 

I 939 S 

-2-5 

38 

34 

18369*8 

18373 

+3*2 

37 

34 

19506*7 

19502 

- 4*7 
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Quite recently Deslandres has investigated very fully the 
series of lines in the band with head at X = 3577 in the second 
group of &e nitrogen spectrum. He finds that there are six 
senes of lines, one series containing pairs. They can all be 
e.xpressed by the formula— 


1 =a(.,+|)‘ + C. 

Series i : ^ = 27946-046 + o-i967o23(/« + 

and so on. 

On page 504 it was pointed out that Thiele has brought 
forward the formula for all spectra — 


X */[(« + 

and that as a result there must he a head and a tail to every 
senes. If that were so, we should expect to find such tails in 

degraded the opposite way to the 
head b^ds. If that were so, we should also expect to 
tod that the intervals between the successive lines in a series 
in a band ^ould not form an arithmetic series for all the terms, 
u that they should increase more and more slowly until 
hey reach a point where they begin to decrease. Both these 
facts tove actually been noted. If we taJee the cyanogen band 

wi IS ea at X — 3883’55, and note the successive intervals 
as measured by Kayser and Runge— 
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52t 


10 3882*50 

11 3882*27 

12 3882*05 


DifTerencc. 


n 


120 


0*23 

0*22 


121 

122 


20 

21 

22 


3879-36 

3878-91 

3878-46 


0 - 4 S 

o‘4S 


140 

141 

142 


40 

41 

42 


3866*95 

3866*13 

3865*30 


0*82 

0*83 


150 

151 

152 


(K) 

3846-79 

Or 

3 « 4 S'S 8 

62 

3844 ' 3 S 

iSo 

38 i 9‘36 

81 

3 «i 779 

82 

3816-24 


1*21 

1*23 


i’S7 

*•55 


x 6 o 

161 

162 

167 

168 

169 


100 

101 

102 


3785*42 

3783*60 

378175 


1*82 

1*85 


A. 

DifTcreiice. 

3746- IS 



2*08 

3744‘o7 


3741 '96 

2*11 

3702*92 



2*21 

3700-71 


3698*48 

2*23 

3680*51 

2*25 

3678-26 

2*26 

3676*01 


36 S 9 ’oS 

2*23 

36 sS '82 


2*20 

3653‘62 


3642*63 

2*17 

3640*46 

3648*29 

2*17 

■ 


ClcMly the differences mount to a maximum and then becin 
to decrease, ^ 

The tails of the cyanogen bands have apparently been 
discovered by King,’ who obtained them by photographing the 

* Asirop/iys, Jount.i 14 . 323 (1901). 
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cyanogen spectrum with a very long exposure. They were 
found at— 

\ = 3160*32 and 3405*04 A. = 3658*34 and 3984*93 
= 3180*58 5, 3433*17 = 3629*06 „ 3944*91 

== 3203*84 „ 3465*69 = 3603*12 „ 3910*45 

and must be the tails corresponding to the heads as follows : — 


Head. 

— 

Tail. 

Ratio 

tail 

j Head. 

i_ 

Tail. 

Ratio 5*“*. 
tail 

3883'6 o 

3 S 90 'S 2 

3465-69 

3203-84 

I* 12059'! 

1*12069/ 

1^ 

1 

4165-54 
! 4532*06 

3658-34 

3984-93 

1*138641 

1*13730/ 

3871-59 

3585-99 

3433-17 

3180-58 

I •12770*! 
1*12746/ 

41 58*22 

4514*95 

3629*06 

3944*91 

1-145811 

1-14450/ 

386 i '9 i 

3584-10 

3405-04 

3160-32 

I-I 34 i 7 \ 

1-13409/ 

4152-93 

4502-35 

3603*12 

3910*45 

i-i 525 ?\ 

1-15136/ 


These facts go strongly to corroborate Thiele's theory, and 
at the same time they limit the applicability of Deslandres's 
laws. Deslandres, however, knew that his formula does not 
expiess the lines in a series beyond about the sixtieth line j 
as he then pointed out, the intervals do not increase in the 
right proportion. In all probability, when the lines in the 
tails of these band spectra have been properly mapped, we 
shall find that Deslandres’s laws apply equally well to these, 
but at present nothing is known except the wave-lengths given 
above. 

The Relations between the Spectra of the Elements of 
one Family. Certain observations have been made upon the 
relations between analogous spectra, amongst which is much 
that is worthless. Amongst the earliest information we have on 
this matter is that given by Lecoq de Boisboudran, who stated 
that in the spectra of the alkali metals and of the alkaline 
earths the lines, considered according to their refrangibilities, 
are placed according to their atomic weights. He found that 
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with increase of atomic weight in metals of the same family 
the lines were shifted to the red. Our present knowledge is 
based upon the measurements made by Kayser and Runge, 
and by others, and upon the arrangement of the lines in series 
according to these observers’ and Rydberg’s formulje. Certain 
facts have been pointed out by Kayser and Runge, and one of 
the most important is the fact that in the case of the elements 
of the same family the constant frequency difference of the 
pairs or the ^plets are very nearly proportional to the squares 
of the atomic weights. In order to show this we may, with 

Rydberg,^ compare the values of where P is the atomic 

weight ; the following table contains the results 



Na = ii3*o6 

Mk = 24*38 

A 1 = 37*08 

0 = 16 


17*19 

40-91 

112*02 

3*70 

lav 

I« 

32*3 

68*8 

153-8 

i-i 


K = 39’>4 

Ca = 40*00 

Ga 69*9 

S = 32*06 


57-85 

105-82 

823-6 

18-15 

lo'V, 

F 

00 

66*1 

168-6 

17-7 


Rb = 8 s’44 

Sr = 87*53 

In = 113*4 

Sc = 79*07 

V\ 

235-98 

394*32 

2212*54 

103*7 

lO’V, 

pa 

32*3 

SI-5 

172*1 

16*6 


Cs = ina*88 

553-87 

Ba = 137*04 

878-5 

T 1 =204*15 

7793-63 


io*V| 

l>a 

31-6 

46-8 

187-0 



Another interesting point Rydberg mentions in the same 

paper is, that if all the values of the expression are 

plotted against the atomic weights P, a periodic curve is 
obtained and also an identically shaped periodic curve is 
obtained if the values of the common convergence freciuencies 


‘ Inkniational Rejiorts^ 2. 217 (Paris, 1900). 
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of the first and second subordinate series are plotted instead 
of the expression . 

• recently published two papers on this subject, 

in the first of which he discusses the relations of the spectra 
densities, and melting-points to atomic mass. Ramage carefully 
selects the lines which correspond in the spectra of analogous 
eements, that is to say, lines which have the same value of 
w in fee equations to the series; fee frequencies of these lines 
me then plotted against fee squares of the atomic masses. 
.. corresponding points are joined together by lines, 

1 will be found that these lines are mostly straight; there are, 
however, breaks in certain places, between sodium and 
potassium, and between magnesium and zinc. The diagram 
s ows very clearly what was stated above, that V varies with 
e square of the atomic weight ; the lines connecting the 
conesponding members of homologous triplets and doublets 
intersect on the line of zero atomic mass. It is also interesting 
o note that curves of exactly fee same shape, that is to say, 
curves with fee same breaks, are obtained by plotting the 
a sorption maxima found with fee lakes formed with metallic 
s^ts and alkannin (see p. 407) against fee squares of the 

Ramage gives an equation based on that deduced by 
Rydberg, by which can be calculated fee frequencies of the 
pnnapal^ senes of potassium, rubidium, and cmsiuin; in 
Kydberg s equation he puts — 

^0 = 3 S 349 o’2233W*, 

where W is the atomic weight and 

/i={i-i9i26-fo*ooio3W +(o-o4377-1-i3W*xio-^Xi-3’‘‘"’)}- 

Ilrinn ^ small 

serii T’lr f’ considers, occurs throughout the 

rincAi' vu obtained with this formula agree very 

W.U. tte I. M, ( 

ama^e gives similar equations for the subordinate series 

70 . I, and 303 (1902). 
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of these metals; the two convergence points of the first 
subordinate series are obtained from the equation — 

A 

Uq = 22830 — 2i*633W ± - ’ 

2 

where W is the atomic weight and A is the average distance 
between the doublets. This distance he takes to be 57'8, 
236‘4, and 547-6 for potassium, rubidium, and caesium 
respectively. The frequency of the lines of the series can be 
obtained from the equation of Rydberg by putting /i = 0-7869 
-(1466W3 X 10 "); the results calculated in this way are 
very near the observed values. For the second subordinate 
series Ramage finds — 

«„ = 22850 - 21-812W ± " 

and = 0-7990 4- 7784W“ x lo' * 

where B = 57-8, 238-0, and 553-6 for potassium, rubidium, and 
caesium respectively. The following comparison of the values 
of the convergence frequencies of the two series as obtained by 
the various methods is given by Ramage : 


Klunicnc. 

From above forniuUu. 

By cal- 
culation 
from 
observed 
lines. 

From 

formula 

for 

principal 

series. 

Ry(ll)erff’s 

values. 

First 

scries. 

Second 

series. 

Mean of 
two series. 

Potassium (i) 

>» (2) 

Rul)idiiim (i) 
»» (2) 

Cucsium (1) 

(2) 

1 

2x953-9 
2201 1 *7 
20861 -8 
2x098-2 
19677*2 
20224*8 ! 

21968-0 

22025*8 

20868*3 

2xxo6*3 

19674*2 

20228*0 

2X960*95 

220x8*75 

20865-65 

21x02-25 

196757 1 

20226*4 

mean. 

2x960 

220X8 

20865 

22I0I 

19672 

20226 

2x969-4 

22024*3 

20868-6 

2XIX2-3 

19686-7 
20234*2 1 

2 I 9 SS ‘46 

220x3*31 

20869*15 

2x098*83 


The numbers in the sixth column were obtained by the 
Rydberg-Schuster law,'-* which connects the principal and sub- 
ordinate series. 

Marshal Watts " has drawn attention to interesting relation- 
.ships between the spectra of analogous metals and the squares 

' i’/iw a. 212 (1900). » .Sec p. 488. 

® yV // 7 , AAni -,, 6. 203 (1903), 
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of their atomic weights. He finds that there are two distinct 
kinds of connection between the spectra of allied elements. 
In one class, to which zinc, cadmium and mercury, and 
gallium^ and indium belong, the differences between the 
oscillation frequencies of certain lines of the one element are 
to the differences between the oscillation frequencies of the 
corresponding lines of the other element as the squares of 
their atomic weights. It is thus possible to calculate the 
atomic weight of one element from the atomic weight of 
another of the same family by means of their spectra. In 
the other class of cases to which the alkali metals and those 
of the alkaline earths belong, the element of greater atomic 
weight has the smaller oscillation frequency; three elements 
are so related that the frequency differences between the 
elements, in comparing corresponding lines in their spectra, 
are proportional to the differences between the squares of 
the atomic weights. It is thus possible in this case to cal- 
culate the atomic weight of one element from the atomic 
weights of two other elements in the same series. 

An example may be given from the two classes in order to 
show the accuracy. 

Example i. — Determination of the atomic weight of zinc 
(64*9) from that of cadmium (iri’83). 

The following are the oscillation frequencies of the lines 
assumed to correspond : — 


Cadmium. 2inc. 


(«) 

30654-4 

lor 

32500-0 

8r 

w 

30734’9 


32540-1 

lor 

(«■) 

31905-5 

8d 

32928-7 

10 b 

(rf) 

32446-8 

6b 

33118-6 

8b 

w 

36023-7 

6b 

34310-8 

4 

00 

37334 'S 

8 

34791-3 

6 

(^) 

38851-1 

4 

35285-7 

8r 

(A) 

39280-5 


35408-9 

6 

(0 

43690-5 

lor 

36934-7 

6 

O') 

44086-7 

4 r 

37059-2 

2b 

(A) 

44630-0 

6r 

37242-2 

8b 

w 

45550-6 

I 

37548-1 

8 
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From these numbers we get for the atomic weight of zinc 
by combining— 



{ d ) and 


65-44 



(«) 


( d ) 

65-69 



la ) 


</) 

65-48 



{ a ) 


Cr) 

65-17 



W 

>» 

( ji ) 

64-93 



(<*) 

jj 

(0 

65-28 



ia ) 

» 

O') 

65-15 



W 

J5 

C^) 

65*12 



(^) 

JJ 

(0 

65*16 



(^) 

JJ 

w 

64*69 



W 

JJ 


64*77 and so 

on. 


Cadmium. 


Zinc. 


(;«) 

19655-8 

I or 


21170-0 ; 

I or 

(«) 

208267 

I or 


21591*6 

U 

w 

28840*2 

lor 


24371-4 

2 

(/) 

30301*9 

4 


24869*7 

4 


(;/0 and (;/) 

67*08 



(») 

JJ 


65-38 



(«) 

JJ 

(i>) 

65-76 



(w) 

JJ 

(7>) 

65-98 



Cadmium. 


zinc. 



(7) 27669-1 8r 29885-1 lor 

(r) 29370-4 tor 30456-0 Zr 

(y) and (/-) give 64-78 for the atomic weight of zinc. 


Example 2. From the atomic weight of cresium, 132-7, and 
that of potassium to calculate the atomic weight of rubidium 

(85 ’s). 

'1 he following lines are assumed to correspond : — 


(«) 

Cauiium. 

12469 

6 

Kubidium. 

13742 4 

Potassium, 

14465 7 

w 

21764 

6 r 

23714 

6r 

24700 

6r 

('■■) 

(/O 

21945 

8/- 

23791 

8r 

24719 

8r 

25707 

4 r 

37833 

Ar 

28998 

6 r 

(‘■) 

(y) 

25787 

6 r 

27868 

6 r 

29006 

8r 

27638 

2 r 

29832 

2r 

31068 

4 r 

Cc) 

27678 

Af ' 

29852 

4 -'' 

31073 

6r 
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(a) gives 86'87 

W » 83-24 

(«■) » 83-11 

(d) „ 84-51 

(<f) „ 84-93 

(/) » 85-52 

(£) „ 85-51 

Runge and Precht * have determined the atomic weight 
of radium by comparing the constant frequency difference 
of the pairs in the first and second subordinate series with 
those in the cases of magnesium, calcium, strontium, and 
barium. It has been stated before that this constant fre- 
quency difference, which is the same as in the first pair of 
the principal series, is proportional to the squares of the 
atomic weights of the elements in one family. This, however, 
according to Runge and Precht, is not strictly true, but the 
atomic weight is proportional to a power of the frequency 
difference, or the logarithms of the atomic weights are a 
linear function of the logarithms of the frequency differences. 
Now, radium belongs to the same family as magnesium, 
calcium, strontium, and barium, whose constant frequency 
differences are 91-7, 223, 801, and 1691 respectively. On 
plotting the logarithms of these numbers against the logarithms 
of the atomic weights, a straight line was drawn through the 
points and extrapolated to find the atomic weight of radium, 
taking its frequency difference as 4858-6. The atomic weight 
in this way was found to be 257-8. Against this, however, 
is the experimentally determined number 225, which fits in 
the periodic classification much better than the value 257-8. 

In conclusion, a few words may be said in regard to the 
apportioning of lines in series. In this connection the 
properties and behaviour common to the lines of one serie.s 
should be carefully observed. 

First, we have the character of the lines, whether they are 
sharp or nebulous or whether they are easily self-reversed, 
or whether Aey are long or short lines; for example, the 
lines belonging to the principal series in the alkali metals 
^ P/iys, Zdtsc/ir.^ 4 . 285 ( 1903 ), 
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arc easily self-reversed. Ihe lines in a spectrum may be 
or e into senes and groups by comparing their characters. 

secondly, we have the Zeeman effect, which gives us the 
^rae types of resolution for all lines of the same series even in 
different elements. 

^11 pressure effect, by means of which 

an the lines of one series suffer proportional shifts with equal 
pressure changes (see Chapter XVI.). ^ 

s ertra comparison between flame, arc, and spark 

Fifthly, the existence of constant frequency differences in 
the spectra. 


Sixthly, th© influence of self-induction. 


'r. i». c. 


2 M 



CHAPTER XVI 


CHANGE OF WAVE-LENGTH 

Change of Wave-length hy Pressure. — A series of investiga- 
tions on this subject have been carried out by Humphreys 
and Mohler, and their results av e been published by them 
conjointly and separately.* In 1897 Humphreys published 
a very complete account of the work, which contained some 
very interesting relations that had been discovered in the 
measurements. The experimental method was as follows: 
an electric arc was enclosed in an iron cylinder 14 inches 
high and 7 inches in diameter, with a stuffing box at each 
end, through which rods passed carrying the poles. This 
cylinder was air-tight, and air was pumped into it, the pres- 
sure being read upon a Bourdon pressure gauge ; the greatest 
pressure used was about 15 atmospheres. The poles of the 
arc were vertical, and the light from the arc passed out 
through a quartz window in the side of the iron cylinder; 
in general two carbon poles were used, and the lower one 
(positive) was bored with a J-inch hole, into which the 
required substance was placed ; sometimes the lower or 
both carbons were replaced by metal rods. A Rowland 
grating of 21 feet 6 inches focus and 20,000 lines to the 
inch was used, and comparison photographs were taken of 
the spectra at various pressures. Shifts of the lines were then 
observed, always towards the red, and these shifts were found 
to be due to the external pressure of the air; they were not 
in the nature of an unsymmetrical broadening, but were a 

» Astrephys. 8. 114 (1896) ; 4 . 175 (1896) ; 4 . 249 (1896) : 6 

169(1897) ' ^ ' 
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It 

shift in Ao y . ^ temperature alone produced no 

=£;fr:SS?S 

S=:=rH.“=S 

i:=-!=Ssi-^S5j 

^ed end of the 

Further the sMft is^n below i atmosphere. 

lines AiS pShle So^to malt' 

shifts of hues with different substanpes, byted^^^^ontf'^Me 
observed to some chosen standard of pressure and wavtlt* 

obtained the following conclusions were drawn ^ ^ 

Any harmonic series of lines of an element give shifts 
(reduced 0 the same standards) which are approximated 
equal whi e the shifts of the principal, first subo^fdinate and 
second subordinate series have very nearly the ratio r ^ 4 
In general wc may say, therefore, that lines of the’ samt 
character of any element give equal shifts. 

The product of the cube root of the atomic volume fatomir 
weight divided by density) and the coefficient of linear expansion 
of an element is approximately the same as the shifl/of the 

to tire absolute temperature of the melting-point. This follows 
tom W. ob^rvation to. «,c proloo, oi feaSte 
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temperature of the melting-point, the coefficient of linear 
expansion, and the cube root of the atomic volume, is nearly 
the same for all metals except antimony and bismuth. 

a Some of these comparisons are given in the following 
table : — 


Element. 

Aloniic 

volume 

V. 

Coefficient of 
linear 

expansion a . 

Melting- 

point 

(ab^lute) 

1 48600 

T 

Shift. 


Aluminium 

10*6 

0*00002313 

1123'=’ 

43*3 

55 

50*6 

Antimony . 

17-9 

0*00001692 

710*^ 

68*0 

49 

43'0 

nismuth. . 

21*1 

0*00001621 


90*3 

49 

447 

Cadmium . 

I2’9 

0*00003069 

593 ° 

82*0 

76 

75-6 

Cobalt . . 

6*9 

0*00001236 

2070° 

24*0 

24 

23*6 

Copper . . 

7*1 

0*00001678 

1330® 

36‘S 

33 

32*5 

Gold . . 

10*1 

0*00001443 

1310® 

37*0 

40 

67*0 

Iron . . . 


0*00001210 

2080® 

23*3 

25 

23*3 

Lead . . 

IS-I 

0*00002924 

605® 

8o*3 

60 

76*9 

Magnesium 

i 3‘9 

0*00002694 

1023° 

47-0 

0 

65*0 

Potassium . 

45*4 

0*00008415 

335 "^ 

145*0 

132 

300*0 

Sodium . . 

23*7 

0*00007105 

3690 

132*0 

108 

204*0 

Tin . . . 

16*3 

0*00002234 

503® 

96*6 

55 

50*6 

Zinc . . . 

9-1 

0*00002918 

676° 

71*9 

57 

61*2. 


In this table are given a few examples selected for which 
all the data are known j in the column headed the 

constant 48600 was so chosen as to bring the value of 

the same as the value of a*VV for iron. In the column 
headed “ shift are given the shifts in thousandths of an 
AngstrQnji unit reduced to X = 4000 and a pressure of 12 
atmospheres. In the last column are given the products of the 
coefficient of expansion and the cube root of the atomic 
volume, multiplied by 10®. 

In the case of magnesium, where two values of the linear 
shift are given, the upper and lower values are for the second 
and first subordinate series respectively; the value given. for 
potassium and sodium are for the principal series. 
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The ^ift of the lines is a periodic function of the atomic 
weight, like the atomic volume and other properties. If 
a cum be drawn with linear shifts on the ordinates and 
^®ights on the abscissm, the shape of the curve is very 
Similar to the atomic volume curve. 

Further, it was also found that the shifts of lines of the 
same series belonging to elements in the same sub-group of the 
periodic table are proportional to the cube of the atomic weight 
certain exceptions to this, for if the 
s 1 s o t e uranium, neodymium, platinum, osmium, yttrium, 
lonum, tantalum, and tungsten lines be calculated from this 

™If be about twice what have been 

actually observed. It is very probable that comparable lines 
have not been observed in these cases; doubtless they are only 
apparent exceptions. The following table gives a few results 
of comparison of the observed shifts and those calculated from 
the cube root of the atomic weight; the shifts again are 
reduced to A, = 4000 and / = 12 A. 


Standard. 


Calciilalud. 


Caesium . . . 

161 

Lithium 

Sodium 

Potassium 

Rubidium 

Copper , . . 

Calcium — 

(ist subordinate 

33 

Silver 

Gold 

series) 

(S4 

Magnesium 

(Principal series) 52 

Strontium 

Rarium 

Zinc 

57 

Beryllium 

Cadmium 

Mercury 

Aluminium , . 

55 

Boron 

Indium 

Thallium 


60 

90 

109 

139 

39 

48 


46 

23 

70 

35 

81 

40 

30 

68 

83 

40 

89 

ic6 


Observed. 

85 

to8 

132 

132 

39 

40 


44 

30 

65 

37 

58 

34 

36 

76 

81 

49 

88 

102 
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Humphreys sums up the results as follows • 

I. Increase of pressure causes all isolated lines to shift 
towards the red end of the spectrum. 

а. This shift is directly proportional to the increase of 
pressure. 

3. It does not depend upon the partial pressure of the 
luminescent gas or vapour, but upon the total pressure. 

4 - The shift is nearly or quite independent of the 
temperature. 

5- The lines of bands are not shifted (aluminium oxide 
and cyanogen bands). 

б . The shifts of the similar lines of an element are pro- 
portional to the wave-lengths of the lines. 

7. Different series of lines are shifted to different extents. 
Kayser and Runge’s principal, first, and second subordinate 

senes shift at the same wave-length and pressure in the ratio of 
1:2:4. 

8. The similar lines of an element (though not belonging 
to a recognised senes) are shifted equally, but to a different 
extent from those lines unlike them. 

9. "^e shifts of the similar lines of different metals are to 
eac o er, m most cases, as the absolute temperatures of the 
melting-points of the metals. 

10. The shifts of the similar lines of different elements are 
to each other approximately as the product of the coefficients of 
Imear expansion, and the cube roots of the atomic volumes of 
the elements in the solid state. 

ir. Analogous or similar lines of elements belonging to the 
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same sub-group of the periodic table shift proportionately to 
the cube root of the atomic weights. 

12. The lines of those substances which have in the solid 
state the greatest coefficients of linear expansion have the 
greatest shifts. The converse is also true. 

I3» The shift of similar lines is a periodic function of the 
atomic weight. 

The Doppler Effect. — The Doppler effect is the apparent 
change in the wave-length of light produced by the motion in 
the line of sight of either the observer or the source of light. 
Tliat an apparent change should take place is readily under- 
stood if we consider the oscillation frequency of a ray ; let us 
consider a source at a great distance to be emitting homo- 
geneous light which produces Z vibrations per second ; then, 
further, in i kilometre of the path traversed by the light 
there are, let as say, y complete waves. If we observe the 
light at rest, then, we receive of course Z vibrations per second, 
but if we approach the source at the rate of r kilometre per 
second we will receive Z -t- y vibrations per second, and Z — y 
vibrations if we recede at the same rate. This is true of all 
vibrations, and was first propounded scientifically by Doppler ^ 
in 1843, thought to explain the colours of stars by means 
of the theory. The theoretical proof of the principle is very 
complex, so we must content ourselves witli the elementary 
aspect of it. 

Doppler^s actual method of reasoning is rather cumbersome, 
and we may arrive at the same results in an easier manner as 
follows. We can with Doppler differentiate between two cases. 

Case I. With the source at rest and the observer in motion. 
Let us call the velocity of light z^, that is to say, a wave travels a 
length V in one second, and the oscillation frequency «, that is 
to say, the number of waves reaching a source at rest in a 
second or the number of waves in the length v. Then, of 
course, if \ be the wave-length of the light we shall have— 



* Abh, d, A. Bdhuiischen* Gesell, d, Wissenchajtm, (5), 2 . 465 (1843) ; 
and Pog^, Ami,, 68. i (1846). 
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Now, if the observer were still, he would receive « oscilla- 
tions in each second ; but if he move towards the light at the 
rate of a length a per second, he will receive more than « 
oscillations in each second. When he was still the relative 
velocity of the light waves and observer was v, but when he 
moves it increases to 7> -f- a, and thus the number of oscillations 

IS increased to Conversely, the number of oscilla- 
tions would be }i^ ^ if the observer were moving away 

from the source. 

Thus, generally ;/ = 

V 

and X' = A. . 

Case 2 . The observer at rest, but the source in motion. 
If both were still, a train of n waves of length v would reach 
the observer in one second; but if the source approach the 
observer at the rate of a length b in each second, the waves 
will be more crowded together, so to speak; in other words, 
« waves wiU occupy a length v - k If, therefore, a length v ~b 

contain n waves, then a length v will contain* waves • 

and thus, as a train of waves of length v reach the observer in 

each second, the number of oscillations received is n , 

V b 

in each second, or for the general case — 


and 


71 ^ n ~y 
V ^ b 


X' = A- 


y If ^ 


From the equations deduced for the two cases it is easy to 

deduce that for the case of both observer and source in 
motion — 
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the upper sign in each case being used in case of the two 
approaching one another. 

From these equations it is clear that when the observer and 
the source of light are approaching one another the apparent 
wave-length of a definite radiation will become shortened, and 
vice v^sd, Doppler thought to explain the colours of the stars 
b;jr this theory, on the assumption that all stars not approaching 
or receding from us gave a white light, then he said that rapidly 
approaching stars should look blue, and those rapidly receding 
should appear red. This, however, is false reasoning, because 
a white star means the emission of a continuous spectrum, 
which naturally extends into the infra-red and ultra-violet, so 
that an approach of the star would shorten the wave-lengths of 
all the rays in proportion, the extreme visible blue would 
become ultra-violet, and just as much infra-red would become 
visible, so that the net amount of light rays would be the gnmp 
and no change of colour would ensue. In discontinuous spectra, 
on the other hand, the shifts of lines due to motions of the 
observer or source can be measured, and from the.se the 
motions can be calculated. 


Doppler’s principle can be very strikingly observed in the 
case of sound waves, because of the slow velocity with which 
they travel; it is perfectly easy to produce experimentally 
velocities of translation of the sounding body or the observer 
which are more nearly comparable with the velocity of sound 
than we can in the case of light. This was first done by Buys- 
Ballot,' in 1845, who made observations with locomotives on the 
Netherlands railway. Probably most people are femiiiar with 
the change in pitch which takes place in the whistle of an 
engine as they pass in a fast travelling railway train, especmlly 
if when in a fast train an engine is passed moving in the 
opposite direction and whose whistle is sounding; the same 
may bo noticed in the flattening of the pitch of a bicycle bell 
as it passes in tlie street. Since the velocity of light is so 
great very great speeds are necessary to produce a measurable 
change in the oscillation freciuency of a spectrum line. The 
motion necessary to produce a particular change in the 


‘ Poj^. Amt., 66. 321 (1845). 
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frequency may be found from the equations given above. In 
t-ase 2, of observer at rest and source in motion, we have— 




and thus 


thence ^ ^ 

is less than A,, 

^ ^ ~ for recession when A 

is less than A'. 

Generally, therefore, + ^ = — , 

where iU is the change in wave-length observed. 

Taking » as equal to 299,860 kilometres a second, it is 
seen from this eqiwtion that a velocity of about 6 kilo- 
metees per second is necessary to produce a change of o-i 
A.a m the wave-length of the F line of hydrogen (A = 4861 

The apphcation of Doppler’s principle has rather, there- 
fore, been restricted to astronomical observations, though at 
times It has been appHed to terrestrial problems, an example of 
whi^ has been already given (p. 382). In astronomy it has met 
with great success, some extraordinarily interesting observations 
havmg be^ made m connection with it. It is difficult to pass 
some of ffiese by, although this book does not aspire in any 
way to e wonderful fields of astronomical spectroscopy. 

irst, m the case of the sun, Vogel, in 1871, succeeded in 
sho^g the ffisplacement of the Fraunhofer lines owing to the 
ro on of the sun by comparing observations made of the 
two ends of the solar equator. Then also the velocity of 
the prominences in the line of sight has been measured from 
the displacement of the lines produced, and, further, the 
tremendous gas currents in the neighbourhood of the solar 


At* + ^A = wA', 


Generally, therefore. 



CHANGE OF WAVE-LENGTH 


539 


spots. On the stars and nebulae a great number of observa- 
tions have been made, and their velocities calculated, and here 
considerable corrections must be introduced for the earth’s 
motion round the sun. Perhaps the most interesting discovery 
made in this direction is that of spectroscopic binary stars, as 
they are called. The well-known variable star Algol was 
found to vary in its velocity in the line of sight, both positive 
and negative motions being obtained at different times, and, 
further, the period of these motions was found to agree with the 
period in the variable luminosity. In this way Algol was 
found to be a binary system of one bright and one dark com- 
ponent rotating round a common centre of gravity. Before 
the minimum Algol is receding from the sun, and after the 
minimum it is approacliing the sun, and Vogel calculated from 
the first series of measurements that the diameters of the bright 
and dark components were 1,700,000 and 1,330,000 kilometres 
respectively, their orbital velocities 42 and 89 kilometres, and 
their masses four-ninths and two-ninths that of the sun respec- 
tively, and, further, that their centres are 5,i3o,ooo kilometres 
apart. Other stars of this type have also been observed, but, 
witli both bright and giving the same spectra, the lines of the 
spectra of such binaries appear single when one is seen behind 
the other, but the lines double themselves when the two com- 
ponents are presented side by side, with one approaching 
and the other receding from us. It must, of course, be under- 
stood that such systems are quite unresolvable by the most 
powerful telescopes. Evidence has also been recently dis- 
covered of unequal velocities in different parts of the same 
ncbulcc.^ 

As an example of a spectroscopic binary star, that of 
o Persei may be taken, which has recently been observed by 
Vogel.'^ The calculations were based on measurements of the 
lines Hy, A. = 4388, and A. = 447 2 3 it was found that the 
velocities were, on — 

^ For further information on these points see Scheiner’s Astronomical 
Spectroscopy, translated by E.'IJ. Frost Gime & Co., London and Boston, 
U.S., 189S. 

- BerU Btr ,, 68. 1113 (1902). 
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m^surements show that the period was 4-39 days, and 
distance between the two stars was 6,940,000 kilo- 



CHAPTER XVII 

ROWLAND’S GRATING RULING KNGINICS* 

'I HE principal feature of these engines lies in tlui screw, its 
accuracy and mounting. The screw is cut aiul its iTrors 
corrected by the method devised by Rowland; tlu^ iinninling 
of the screw is an even more difficult operation than tlu^ cutling, 
on account of the great ease with which periodica terrors arc 
introduced. In the dividing engines there is an arrangtiuient 
by means of which tliese periodic errors are corrt^cted. 

A brief mention was made on page 36 of the tiurthod 
Rowland devised for the cutting of the screws, which is tics«*riljcd 
ill full in his article “ Screw ” in the Jincyclopicdia 
It is necessary for these screws to use soft He.ssenu?r stttcl, 
since this is more uniform than cast stt^eL A l)ar 30 inclu'S 
long and ijl inch in diameter is taken and mounted Ixtiwtujn 
lathe centres, and then turned down to i inch in diaintdcr 
everywhere except for 12 inches in the centre, wlu'rc it is Kdi 
a little over ij- inch in diameter for cutting tlie srn^w. 'Phr 
screw is cut with a triangular tliread a little sharper than 60 ', 
and with not more than twenty threads to th<^ iiudi. The grind- 
ing nut is made of brass, or, better still, Bessemer steel, and is 
about II inches long; it consists of four segments, which 1 an 
be tightened on the screw by collars. The nut is inoiudrd on 
the screw in the lathe and surrounded by vvatcT, so that tin* 
temperature can be kept constant to x® C., and, furtbet, tin* nut 
must be counterbalanced by pulleys and weights. Imuci)' and 

* I am hulebtecl to Professor Ames of the Johns n(*pUiii% tiinvrr^itv, 
who has kindly placed at my disposal the diagiams anti fU-*4iipiion ui 
Kowluiurs engines. 

* Ninth edition, vol. x.\i. 
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?n\hT Ti? I® materials, and the screw is ground 

roTnch« ^°™"ds for the whole range of about 

f continued for two weeks. At the end the 

finer emery is 

final heating. The 

mWn ,? after recentering under a 

microscope the beanngs are turned. A screw ground in this 
less errors than one cut by any other Lhod The 
penodic error especially is too small to be discovered, although 

“f *« >>“'1 'rill 

.h.Zl*'.™] "“Iri"® “ *=”» in the dividing engine is 

^ halves, of wrought 

mounti fV® penodic error introduced by the 

moimting of the screw is corrected for by varying the tightness 
mth *hi^ Use t«, halve, ot flse L ctoped .X Sl 
sofxw , the method of doing this is briefly as follows :— 

half Of the nut a long piece of sheet steel is fixed 
Thl1^w^T®i®®^“®‘u described presently, 

mnirf j ®P™g®. ®o that eadi 

Se^mloTJ mdependently of the other. To join 

to the latter wW?®? ^ attached 

0 tte latter, whose plane is vertical, and which can turn round 

a vertical axis. The bars fixed midway on the twoTairerof 

H^TTb w a™* " ^ P°° riistaot from its 
axis. Hence each half does its share independently of the 

b^eS parallelism 

be^een the screws and the ways or eccentricity in the screw 

-Sr the forward motion of the 

of nrd„V«“t "f at ^ 

and forwards psriodicaliy, tho 
head and mountmgs can be corrected 

In making gratings for optical pui^poses the periodic error 
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must be very perfectly eliminated, since the periodic displace- 
ment of the lines only tooooou of an inch from their mean 
position will produce “ ghosts ” in the spectrum. Indeed, this 
is the most sensitive method of detecting the existence of this 
error, and it is pnictically impossible to mount the most perfect 
of screws without introducing it. A very practical method of 
determining this error is to rule a short grating with very long 
lines on a piece of common thin plate glass; cut it in two with 
a diamond, and superimpose the two halves with the rulings 
togetlier and displaced sideways over each other one-half the 
pitch of the screw. On now looking at the plates in a proper 
light, so as to have the spectral colours show through it, dark 
lines will appear, which are wavy if there is a periodic error 
and straight if there is none. By measuring the comparative 
amplitude of the waves and the distance apart of the two 
lines, the amount of the periodic error can be determined. 
The phase of the periodic error is best found by a series of 
trials after setting the corrector at the proper amplitude as 
detemiined above. p c as 

A macliine properly made as above and kept at a constant 
temperature should be able to make a scale of 6 inches in 
length, with errors at no point exceeding 7^ of an inch. 
When, however, a grating of that length is attempted at the 
rate of 14,000 lines to the inch, four days and nights are 
required, and the result is seldom perfect, possibly on account 
of the wear of the machine or changes of temperature. Gratings, 
however, less than 3 inches long are easy to tnnirp , 

Three dividing engines have been made under Rowland’s 
direction, all embodying the same general princijdes as given 
in his article on the “ Screw." The screws of all three have 
approximately twenty threads to tlie inch ; and the number 
of teeth in the ratchet-wheels of the first, second, and third 
machines is such that they rule 14,438, 15,020, and 20,000 lines 
in an inch. The three machines are kept in the sub-basement 
of the Physical laboratory of the Johns Hopkins University 
under sucli conditions as will secure a practically constant tem- 
perature for long intervals of time. Each machine is driven by 
a seiKirate water-motor whose siieed can be regulated at will. 
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The machines have been used almost exclusively for the 
ruling of diffraction gratings, although a few ccntinietrc scales 
have been made. The gratings have been, with only four or 
five exceptions, made of “speculum metal/’ having tlu* com- 
position, copper 126 lbs. 4 02s., tin 58 lbs. 9 02s., and as homo- 
geneous as possible. The rough metal plates were cast under 
Rowland’s direction, and were then figured and poli.shed. 
After the ruling was completed, tlie gratings were carefully 
tested in order to see if they were free from “ghosts,” diffused 
light, and defective definition. 

To test the screw, ratchet-head, and thrust-screw for periodic 
errors, Rowland used the following method : he ruled a space 
of about one centimetre on a polished surface, then pushed the 
carriage back this distance, turned the grating-holder through 
a minute angle and again mled a surface of about the same 
width as before. There is thus produced a cross-ruling, the 
lines being slightly inclined to each other ; and when examini^d 
by reflected light, a series of undulations is seen to cross the 
lines at right angles, corresponding to the points of intersection 
of the two sets of rulings. This pattern resembles clo.sely in 
appearance that of watered silk. The corrector of the machine 
is adjusted until this undulatory pattern is as regular and has 
as small an amplitude as possible. 

General Design of Dividing Engine. object of this 
machine is to mle straight lines on metal or glass surfaces, 
exactly parallel and at exactly equal distances ajxirt. The 
surface to be ruled is attached to a frame wliicli is moved 
forward by a nut as it is advanced by a screw ] the ruling edge 
is generally a diamond mounted in such a manner as to bo 
drawn to and fro across the surface to be ruled, but to bo in 
contact with it during only one of these motions. 

Rotary motion is imparted to the main shaft (4 «a) by 
means of a driving pulley, operated by a belt attached to a 
water-motor (not shown in the cuts). Mounted on the main 
shaft are the cams (46, 47) for operating the pawl-levers, which 
turn the screw and advance the nut; the cam (55) controlling 

The figures in the text refer to the numbered parts in l^’igs. 159- 
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the mechanism for raising the diamond j and the crank (50), 
w 10 by means of the connecting rod and cross-head impart a 
reaprocating motion to the ruling carriage and its diamond. 
By ineans of adjustments in the crank and connecting rod, the 
e^th of stroke of the diamond may be varied, and rulings of 
diiferent lengths are thus obtained. 

In each revolution of the main shaft, the cycle of operations 
that occur is as follows : — Let the diamond be on the plate in a 
position to begin ruling. It is moved forward, U toward the 
shaft, by means of the ruling frame and parts described, and a 
line is ruled. The stroke of the engine being now about to 
reverse, the cam controlling the mechanism for lifting the 
diamond performs its duty; and, while the engine is on its 
return stroke, with the diamond off the plate, the latter is 
advanced a space equal to the desired distance between the 
rulings. This is done by the cams operatmg the pawl-levers 
(26 and 40),^ which cause the pawl (41) to rise to a pre-deter- 
mined position corresponding to one or more teeth of the 
graduated ratchet-head, then to engage this wheel and, being now 
forced down to its normal position, to cause the wheel and the 
feed-screw, to which it is attached, to turn through a small 
definite angle. The rotation of the screw causes the nut to 
advance towards the ratchet-head; and the nut pushes forward 
the plat^carriage to which the plate to be ruled is secured. 
Ihe engine being now at the end of its return stroke, the 
diamond is lowered into contact with the plate, and is ready 
for ruling the next line. These operations are repeated until 
the requisite number of lines is ruled. During each cycle of 
operations a slight additional motion is imparted to the nut, 
and thus to the plate-carriage, by means of the corrector 
meclianism, in order that any periodic errors of the screw, 
screw-head, etc., may be eliminated. 

The ruling-carriage with its diamond-holder moves along 
truncated V-ways, as shown in the cuts, the surfaces in contact 
being the steel ways and the boxwood linings to the grooves 
on the carriage. These boxwood Imings press against both 
the sides and the top of the ways, and are adjustable. The 
plate -carriage moves along V-ways, the surfaces in contact 
T. p. c. 
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being the steel ways and the cast-iron carriage. These two 
pairs of ways are accurately at right angles to each other. 

Detailed Descriptions. — I. Mechanism connecting the plaie- 
carHage and the nuL (See Fig, 163.) — The plate-carriage 
carries a thrust -collar (20) through which the feed-screw passes 
freely. It is held in position by pins engaging in the top and 
bottom of the plate-carriage. The thrust of the nut in advanc- 
ing is communicated by two lugs, one on each side of the nut 
casings (21), to two correspondingly located screw-heads in the 
thrust-collar \ and, finally, screw-heads in the top and bottom 
of the thrust-collar transfer the thrust to correspondingly located 
lugs (22) in the plate-carriage. 

IL Pawlmechajzism, (See Fig. 162.)— The degree of rota- 
tion imparted to the graduated ratchet-head depends upon the 
number of teeth the pawl engages in each .revolution of the 
main shaft, and may be varied by altering the size of the cams 
(46 and 47) on which the pawl-levers 26 and 40 rest. The 
pawl-lever (26), to which the bell-crank (42) is pivoted, causes 
the pawl to rise to a height corresponding to the number of 
teeth to be engaged on the graduated ratchet-head. The other 
lever (40) has the function of engaging and disengaging the 
pawl. The cycle of operations that occurs in one revolution 
of the main shaft is as follows : — The pawl-lever (26) is raised 
by the cam (47) j in so doing gauges the degree of revolu- 
tion to be imparted to the graduated ratchet-head and feed- 
screw. The other lever (40), which is pivoted on the pawl- 
lever (26), is raised further, and thereby permits cam (46) and 
the bell-crank (42) to carry the pawl (41) forward into engage- 
ment with the graduated ratchet-head. The weight (45) 
attached to the bell-crank arm insures a positive engagement 
of the pawl. The depth to which the pawl enters between the 
teeth of the graduated ratchet-head is governed by the adjust- 
ing screw (43) nnd a stop on pawl-lever (26), The pawl being 
engaged, both levers (26 and 40) now descend, causing the 
graduated ratchet-head and feed-screw to turn to an extent 
governed by the number of teeth engaged. Lever (40) now 
descends to a position coincident with that of the lever (26), 
and in so doing causes the stop on lever (40) to press against 
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The "59 and i^ )- 

holder (2), which may be adjusted to diff°® f “ 
The frame carrying thL;L«^ u.^ different inclinations. 

adjustable support fa) Thicc contained in an 

to meet the^Wms 
Normally, the eld 0? ^ t .1 

holder, owing to its predominn '^titrymg the diamond and 

diamond to be in cSrSV 

order to raise it on the return stooS^of the 

lift-rod (57) is caused to press on th^ ^ 

the dash-pot. The heiffht f-A wK* u u frame near 

off .he pL i. .s 

the stem of tlie lift-rod and whinh ’ adjusted on 

on the plate 56^ ’ come to rest 

- S)trLS: ^ 

sists of the lever (S4). vertical ot w f mechanism con- 
^ ( 35 ), reokioB .Mm (34), md lifftoK (s« 

cheek to d.«^ iTe'pSe^ » 

IV. Corrector mechamsm, fSee Fifr« tpp -/- , , . 

The wear of the threads contained in Ip P’ 
the .pli, ins i. Mken npTp 

lever, the letve, eoth „f „hid, me coSSfd ^^^7=? 
screw may be neutralised by tiic action oStlSton°^?« 
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precise amount of correction is controlled by the adjustments 
of the eccentric (25). *This gives the requisite amount of 
movement at the proper instants to the corrector lover (2H), 
-which in turn moves the rocking shaft, corrector frame, crank, 
lower frame, and, finally, the wings of the nut 'riit^ disc (24) 
may be adjusted and clamped, as shown in Fig. 162, in dillercnl 
positions in the plane of graduated ratchet-head ; aiul tl»e 
position of the corrector eccentric (25) with respect to a fixed 
radius of the graduated ratchet-head must be such as to make 
the phase of the correction opposite that of the periodic error. 
The (tmotmt of eccentricity of the eccentric can be varit.‘d hy 
means of set-screws, as is evident from the cut ; and this must 
be regulated so that the amplitude of the correction equals that 
of the periodic error. 

In Figs. 159 to 163 are shown five different views of 
dividing engine No. 3, rather less than one quarter of the sictual 
size. They may be described as follows ; — 

Fig. 159. Side elevation, showing the engine in a 
position. 

Fig. 1 60. Plan view of the foregoing. 

Fig. r6i. Plan view, showing the plate-carriage, 'llie 
plate, plate-holder, and ruling-head are omitted. 

Fig. 162. Side elevation opposite to Fig. 159, showing the 
engine in the return-stroke position. 

Fig. 163. Transverse sectional elevation, showing tlie 
feed-screw, nut, etc. The mechanism actuating the corrector 
frame is shown as an end-view. 


EXPLANATIOlf OF NUMBERS IN THE CUTK. 

[Simitar numerals refer fo like parts throughout the different 
views.) 

1. Ruling diamond. 

2. Adjustable diamond-holder. 

3. Adjustable support for the axis of the diamond-frame*. 

4. Ruling-head, carrying ruling mechanism. 

5. Rods of the ruling-carriage. 

6. Plate to be ruled. 
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-PK boxwood slides of rulins-carriaffe /M p 

8. Plate-holder. ' 

9 ' Champs for plate-holder. 

10, Bed-plate. 

below the sie F&T“«' 

12. Feed-screw. “ 

ll’ ®!®®i ®L®P of feed-screw. 

i 4 ' Hardened steel thrust-screw. 

IS- ^sing of the split nut, holding the plugs r6 

16. Lignum vitaj plugs, tapped fofengagin| feed-screw. 

18 and^ro ®’<ijosting screws. 

^^^18 and rg. Wings of the nut, controlled by the corrector 

20. 1 hrust-collar, loosely attached to plate-carriaae it 

coni^t ““Li'S; “ «-=a.ing* 5 and to 

heads in^cdkr"fol“®' PlateK^arriage. m contact with screw- 

23- Graduated ratchet-head attached to the feed-screw 

^ 26. Pawl-lever, which raises or lowers thp nnwi •*. • 
rciieotl™!,, to the ™tchei.wh«l‘ by 

27- Hollow arbor, serving as pivot for pawl-lever. 

-8. Correc or lever, resting on 25 and pivoted at 31. 

29. (corrector frame. ^ ^ 

30. Hardened steel centres for corrector frame. 

31. Rocking shaft, rotated by means of lever 28 

33. Cmnk for roc^kinji^ corrector; a shVht rotation of thf» 
.shaft 31 thus giving a slight sidewise motion to the frame 

nilihghS?'"® “"S-towr s^'or 

3': ItoifttSToTSitoS "»«»" <0 34. 
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woo?slid2^7^ of ruling-carriage, holding the adjustable box- 

38. Adjustable weight for corrector lever. 

39. Lower corrector frame, moved by the crank 33. 

nut guide-plate, along which the wings of the 


belhciaijf 42"^ engaging and disengaging pawl, by means of 

41. Pawl, driving ratchet-wheel. 

42. Bell-crank, which is pivoted on 26 : to one end the 

pawl IS attached, and the other is raised by the lever 40 and 
lowered by the weight 45. . auu 

43 and 44. Adjusting screws attached to 42, for regulating 
the pawl eng^ement. The stops are attached to 26 and 40. ° 
45- Weight han^ng from bell-crank. 

46. Cam operating lever 40, attached to main shaft. 

47- Cam operating pawl-lever 26, attached to main shaft. 
(These two cams regulate the number of teeth of ratchet- 

whed which the pawl clears each revolution of the main 
snatt.^ 

48. Driving pulley, attached to main shaft. 

48A. Main shaft. 


u 1 Connecting rod to give reciprocating motion to diamond- 

nolder by means of 52 and 37, 

diamond"'^°^ designed to vary the length of stroke of the 


51. Bar ccmnecting cross-head 52 and ruling frame 37. 

52. Cross-head, driven by connecting rod 49. 

53- Oscillating rod, connecting 35 and 54. 

restb^ 5^ mechanism for lifting diamond, 

55. Cam attached to main shaft and operating the iever 54, 

50. Lever for lifting rod 57 ; it is operated by the rocking- 
stem 34. '' ° 

5 6a. Stop-plate regulating drop of rod 57. 

57 - Rod for lifting diamond. 

attached to the lever which carries the 
ciiamond-holder 2, and which is pivoted at 3. 

59- Adjustments for holding and regulating the dashers. 
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The following recipes may be given for making solutions for 
silvering glass. The first one may be recommended in cases 
where a dense deposit is required for mirrors, and the second 
and third for purposes of half-silvering. 

The first process is the one used by Brashear, and tht^ 
directions have been given for its use by Wadsworth. ^ Tht^ 
great advantage in its use lies in the firm silver coatin^^ 
plWduced, which may be rubbed when wet with the hand or 
with a pad of cotton-wool without injury. 

The reducing solution is made as follows 


Loaf sugar or rock candy 
Strong nitric acid . . . 

Alcohol 

Distilled water .... 


90 grms. 
4 C.C. 
175 C.C. 
1000 c.c. 


Ihe sugar is dissolved in the water, and then the alcohol 
and nitric acid are added. This solution should be preiurtid 
at least a week before it is wanted ; the longer it is kept the 
better it gets. 

Ihe silver solution is an ammoniacal solution of silv(!r 
oxide, to which, just before using, is added a solution of 
potassium hydroxide containing a weight of this ooinj^ouncl 
equal to half the weight of the silver nitrate used. The .silv<T 
solution must ].)c made as it is required. 

^ Astrophys. Jmrn,, 1. 252 (1895); Jilso published in the 
Mechanic m 1883. 
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Amount of Sudstances required calculated i^or Round 
Mirrors. 


Diameter of 
mirror. 


Area. 

Silver 

nitrate. 

Potas.sinm 

hydroxide. 

Ammonia 
(sp. g., o- 88 o). 

sq* cms. 
707*0 

491*0 

314*0 

177*0 

78-5 

19*6 

gnns. 

15*0 

11*0 

7*0 

4*0 

r8 

0*5 

grms. 

7*5 

5*5 

3*5 

2*0 

0*9 

0*25 

cc. 

12*0 

1 ° 

6*0 

3*0 

1*5 

0*5 


Reducing 

solution. 


ine silver solution is made as follows: the silver nitrate 
and the potassium hydroxide required are dissolved separately to 

Lhth fi ^ precipitate 

which lim appears is just redissolved, and then some more 

silver solution until the precipitate reappears. The potash 

soluhon IS dien added, which will pr^bly produceCre 

Drecinitei^r^'^!r*^’i ^“onia is then again added until the 
precipihite is dissolved, and then more sUver solution this 

aS tT aU the sUver nitrate has bL 

this ’ ^ addition is one of silver. In 

s way a solution is obtained which looks opalescent from 

aSTf ^ ^ opalescence 

s absolutely necessary. If there are any floating paSS 
a. sotoon « Slttrrf; ae ^ 

solution IS added, the whole is mixed thoroughly, and then th! 
mi^r IS immediately immersed. The miL^Siyt fut 

Its face up or down, but best with its face up, as Sie 

Ift 

plac!?S 

and A ^ of clean water 

and the whole surface is rubbed vigorouslv with a nnH i ’ 

con.^,00, fte 
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the silver is removed and the whole deposit is bright and 
clear. No further polishing is required. This process is not 
so good for half-silvering purposes as the older processes, 
because the deposit given by it is not so uniform although' 
more durable. 

The following recipe is given by Edser and Stansfield,’ 
and gives very good results for half-silvering. One grm. of 
silver nitrate is dissolved in 20 c.c. distilled watei^ and strong 
ammonia (o-88o sp. g.) is added until the precipitate is just 
redissolved. A solution of 1-5 grm. potassium hydroxide in 
40 C.C. water, and again ammonia until the pfecipitate re- 
dissolves; 80 c.c. distilled water are next added, and tlren 
silver nitrate solution (any strength), until there is a faint 
permanent precipitate. Make up to 300 c.c. 

For the reducing solution i-8 grm. of milk sugar is 
dissolved with the aid of heat in 20 c.c. distilled water. The 
two solutions are mixed just before silvering, and the mirror is 
put in with its face down. At 15° ten minutes are usually 
required for half-silvering, and one hour for full silvering. A 
tluck silver surface obtained with this process may be rubbed 
with cotton-wool in running water. 

Martin’s process, which was used by Fabry and Perot for 
half-silvering the mirrors in their interference apparatus (sec 
Chapter IX.), is as follows. Four solutions are made up : 


A. Silver nitrate 

Distilled water 

B. . Ammonium nitrate 

Distilled water 

C. Potassium hydroxide (pure by .alcohol) . 

Distilled water 


40 

locx) c.c. 

60 ifrms. 
rooo c.c. 
100 grms- 
1000 c.c. 


To make solution D, 100 grms. pure sugar candy are di.s- 
solved in 1000 C.C. di.stilled water, and tlien 23 grms. tartarii; 
acid are added, after which the solution is boiled for ten 
minutes. When cool, 200 c.c. alcohol are added, and then 
lastly, distilled water to make it up to 2000 c.c. * 

Equal parts of A and B are mixed together, and similarly 
^ Nature^ 56 . 504 (1897). 
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equal parts of C and D. Both these mixtures are mixed in the 
silvenng v^sel, and the mirror is at once suspended face 
downwards in the solution. 

It is needless to point out the absolute necessity for 
periMy clean surfaces for the silver to deposit upon ; these 
be obtained by rubbing them with a cotton-wool pad 
dipped in warm nitric acid and then thoroughly rinsing with 
w^^er. A further treatment with alcohol, followed again hv 
water, is also advisable. 
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Absolute wave-length of light by a 
grating, 40 
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Absorbing solutions for use with 
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Absorption and emission, Kirch- 
liofTs law, 26 

— curves of organic substances, 410 

— m the ultra-violet by gelatine, 268 
by air 257 
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.power, 325 
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— of chlorine, 404 

of gases, 403 

of iodine, 404 

of metallic sall^ 405 

of nitrates, 408 

of organic compounds, 409 
Achroniatisatlon of lenses, io2 

ediclon spectroscope, 

— of spcctroscoiH! grating, i86, 208 
prism, 128 
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Ijy. 2S7 


. UI, 495 

— hn« m ^ctra, 377 
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grapluc plates, 353 
Alkannin, 407 

j Hartley’s, for comparison 
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Angstrom scale, 27 
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Antimony, regularity in spectrum 
of, 510 

Arc lamp, 368, 370 

— — cadmium, 373 

mercury, 372, 373 

— spectra, 368 
in liquids, 382 

Argon, r<^ularity in spectrum of, 51 1 

— used for removal of hydrogen 

from electrodes of vacuum tubes 

399 ' 


206 

Autocollimation, 117 
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Band spectra, 424 

heads and tails in, 521 

series in, 511 
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Banded spectra of metals, 367 
Binaiy stars, spectroscopic, 539 
Bolograph, 236 
Bolometer, 31, 229, 249 

— construction of, 250 

— filament, 252 

— surface, 231, 251 
Breadth of spectrum lines, 430 
Brightness of grating spectra, 158 

— of spectra, i^Zetseq, 

— of spectrum lines, 147 
Bromine, absorption spectra of, 403 

— in vacuum tubes, 399 


C 

Cadmium arc lamp, 373 

— spectrum lines, absolute wave- 
length of, 47, 281 

wave-lengths of principal, 

^255 ^ 

Calibration of prism spectroscope, 

. 132 €t seq, 

— of spectrum photograph, 140, 220 
Carbon, spectra of, 444 

bisulphide, indices of refraction 
of, 86 

Change of wave-length by motion 
in line of sight, 535 

by pressure, 530 

Chlorine, absorption spectra of, 404 

— in vacuum tubes, 399 
Coerulein for sensitising photo- 
graphic plates, 353 

Coincidence method, Rowland's, 20 
215 

— of systems of interference fringes, 

285 ® ' 

Comparison of spectra, 138 

— with concave grating, 173 210 
Concave grating, 36 

— — absorbing solutions for use 
with, 213 

apparatus, adjustment of, 208 


Concave grating, astigmatism of, 
172, 206 

coincidence of orders, 39, 215 
comparison of spectra with, 
219 

determination of wave-length 
with, 220 

fixed-arm mounting, 206 
focal curve, 167 

general theory, 166 

measurement of wave-lengths 

by, 215 

mounting of, 38, X69, 189 

overlapping spectra, 2ti 
Condensing lens, 138, 338 
Conditions of maximum efficiency of 
spectroscope, 328 et seq. 

Constant deviation prism, 58 

spectroscoiDe, 118 

frequency difference, doublets and 
triplets of, 474 

! Constitution of organic substances 
and their absorption spectra, 417 
Continuous spectra, 424 
Convergence frequency, 479 
Critical angle, 6 

Curvature of spectrum lines as pro- 
duced by a prism, 85 

Curve, calibration, for prism spectro- 
scope, 137 

Curves of absqrjDtion of organic sub- 
stances, 410 

— of visibility of interference 
fringes, 279 

Cyanin for sensitising photographic 
plates, 352 

Cyanogen in vacuum tubes, 399 

— spectrum of, 368, 514, 520 
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line of sodium. Bell’s measure- 
ment of the wave-length of, 40 
Determination of wave-lengths with 
grating, 40, 184, 215, 220 
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interferometer, 47, 28 1 
with prism, 132 

photo. 

iP-iiphs, 357, 358^ 362 

I^iwo-bljick for sensitising photo- 
g-aphic plates, 355 
JJiifraction, 12 et seq, 

—gating, gcMieral theory, Chapter 

- echelon, 174 
niffuse series of lines, 474 
Direct vision prism, 64 

— — si^eetroscopc, tog, 113 
liisegreement of syslcins of inter- 

Terence fringes, 288 
Discontinuous sitoclra, 25 

Dispersion of echelon grating, ,75 

- curve of prism spectroscope. 1/7 
formula, Hartmann, 68 

■ Cauchy, 72 
of grating, 152 
of prism, 62 
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Doppler effect, 382, 535 
Draw slides over slit, 52 
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Emulsion sensitive to infra-red, 

Abney^s, 355 ' 

3~ “It^^i-violet. Schumann’s, 

Engrines for ruling grarings, 541 

Enhanced lines, 385 

sensitising photo- 
ijraphic plates, 351 

Eyepiece, micrometer, 108 
Ramsden, 107 
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~ mounting, grating, 206 

--pnsm,59, X 18 
-flame spectra, 364 
Elcorite, indices of refraction of,- 93 
— residual rays of, 243 " 

Fraunhofer lines, ii, aj^ 
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Echelon grating, 174 
EffMt, the Doppler, 382, 535 
the Zeeman, Chapter XIV 
ElMtric spark, mocltam'sm of the, 

spectra, 374 

"379 seir-inducUon on, 

~ ""‘E*!- li<iuids, 382 
Klectrrsles for vacuum tulres, 303 
’L'. P. c:. 


OU^ometer for bolometric work. 
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Oases, absorption Ijy, 403 

spectra of, 390 ^ 

Gelatoe, absorption by, in the 
laltra-violet, 268 

Ghosts in grating spectra, 165, 543 
Glaas absorption of, 32, 92 ^ 

— dispersion of, 69 

' used for lenses, 102 
— for prisms, 85 
Curating, the, 21 

brightness of spectra with a, 158 
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Grating, concave. See under Con- 
cave grating 

determination of absolute wave- 
length by, 40, 184 

— dispersion of, 152 

— echelon, ij^etseg, 

— elementary theory, 24, 34 

— faults in a, 43, 542 

— general theory, Chapter VI 

— ghosts produced by, 165 

— measurement of wave-length by, 

40, 184, 220 ^ 

— measurements of wave-length, 
errors of, 311 

— minimum deviation with, 185 

— normal spectra with, 38 

— periodic error in, 165, 542 

— plane, 34 
in practice, 184 

— reflecting, 34 

— resolving power of, 154 

— ruling engines, 541 

— space, 24, 189 

— superposition of orders, 39 

— testing of a, 43, 543 
Green region, sensitising photo 

graphic plates for the, 351 
Group, diffuse, 485, 489 

— principal, 485, 490 

— satellite, 489, 490 

— sharp, 485, 490 


Hydrogen, extreme ultra-violet 
spectrum of, 267 
lines, Balmer’s series, 472 
principal series, 492 
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Half-prism, 61 
Half-silvering, 148, 553 
Half-width of spectrum lines, 276 
321 

Hartley’s alloy for comparison 
standard, 139 

Heads in band spectra, 511 
Hea^ and tails in band spectra, 521 
Helium, series of lines in spectrum 

of, 503 


Iceland spar, double refraction of, 94 
~ indices of refraction of, 96 
Incidence, angle of, 3 
Index of refraction, 4 

method of finding, 55 
Indices of refraction, influence of 
temperature upon, 86 

of air, 495 

of carbon bisulphide, 86 

of fluorite, 93 

of glasses, 89 

of Iceland spar, 96 
of monobromonaphthalene, 87 

of quartz, 98 

of rock-salt, 99 

of sylvin, 99 

Induction coil, 374 
Infra-red region. Chapter VIII 
bolomelric measurement of, 
229 

discovered, 31 

photographic plates sensitive 

to, 355 

photography of, 226 

Interference, 14 cf set/, 

— fringes, calibration of spectrum 
photograph by, 148 

of infra-red by, 227 

coincidences of, 285 

disagreements of, 288 

visibility of, 273 

— methods. Chapter IX 

— standards, 302 
Interferometer, Barnes, 314 

— Fabry and Perot, 282, 290, 302 

— Lummer, 313 

— Michelson, 270 
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wave-lengths by, 295 
Interimlation formula, Cauchy, 72 
■ Hartmann, 68 

Inte^ity of lines in spectrum, 147 
of spectra from grating, 158 
Iodine, absorption spectra of, 404 
Iron arc, spectrum of normals in 
the, 218 

-used as standard of comparison, 
138. 218, 369 

Achromatic photographic plates, 
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Lines, principal series of, 474, 484 

-rever^ of, 148,446 ^ 

satellite series of, 489 

— sharp series of, ^ 

— structure of, 426 

Lithium, series of lines in the spec- 
trum of, 497 

Loss of light by absorption, 78 

influence on resolving 
power of prisms, 325 

by reflection with prisms, 77 


Jaws of slit, 50 


K 

Kayser’s normals in the siicctrum of 
the iron arc, 218 
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Lamp, arc, 368, 370 
cadmium arc, 373 
— mercury arc, 372 
length of spectrum lines, 377, 4^17 
I^ens, condensing, 138 
Lenses, 100 ei set/, 

X-ine spectra, 425 
Linear holomeler, 249 
r.ines, air, 377 
Iireadth of, 430 
cliaracter of, 148 
-diffuse series 01,474,484 

— enhanced, 38C 
half-width of, 276, 321 

■ - harmonic series of, Cliapter XV 

— intensity of, 147 

- Icngtli of, 377, 437 
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Miotic field, effect on qiectruui 
lines, 4S1 

Map of solar spectrum. Angstrom, 28 
- — Rowland, 33, 40, 36, 217 

Mapping of siiectra, 27, 132, 222 
ajcimum cificiencyofsjaectroscoiies, 
328 se^. 

Measurement of spectrum photo- 
graphs, 145, 220 
of wave-length by grating, 215 


errors of, 31 1 

by interferometer, 295 set/, 
by prism, 1^2 eise/. 
Measuring micrometer, 108, 141 
Mechanism of the electric spark, 378 
Mercury arc lamp, 372 

— triplets in spectrum of, 501 
Metallic salts, absorption spectra of 

405 

Metals, Ijanded spectra of, 367 
Method of coincidences, 39, 215 
Micrometer, measuring, 141 

— screw, 36, 54 1 

— cyeiiiece, 108 

Mimmum deviation with grating, 
with prism, 55 
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Monatomic gases in vacuiun tubes, 

398 

Monobromonaphthalcne, indices of 
refraction of, 87 

Motion in the line of sight, effect on 
wave-length, 535 


N 

Nebulous series of lines, 474 
Neon, wave-lengths of red lines of, 
140 

Nigrosin for sensitising photographic 
plates, 3SS 

Nitrates, absoq^tion spectra of, 408 
Nitrogen band spectra, 515 

— in vacuum tubes, 441 ^ 

Normal solar spectrum. Angstrom, 

28 

Rowland, 33, 36, 40, 217 

— spectra with grating, 38 

— spectrum of iron arc, Kayser, 
2X8 

— triplet in magnetic field, 453 


O 

Order of spectrum, 23 
Organic compounds, absorption 
spectra of, 409 

Or^ochromatic photographic plates, 
3SI 

Overlapping spectra with grating, 
23, 21 1 


P 

Pairs of constant frequency differ- 
ence, 474 

Parallel rays, adjustment for, 129 
Periodic error in grating, 165, 542 


Phosphorescent spectra, 402 
Photograph of sjpectrum, calibration 
of, 140, 220 

development of, 357, 358, 362 

measurement of, 145, 220 

Photographic plates, dyeing of, 35 1 
for infra-red region (Abney), 

355 

for ultra-violet region (Schu- 
mann), 359 

Photography of the infra-red region, 
226 

ultra-violet region, 254 

spectrum, Chapter XI 

Plane grating. See under Grating 

in practice, 184 

Plurality of spectra, 441 
Potassium, convergence frequencies 
of, 500 

— series of lines of, 508 
Pressure, effect on wave-length, 530 

— of gases in vacuum tubes, 401 
Principal series of lines, 484 
Prism siicctroscope. Chapter IV 

adjustment of, 128 

calibration of, 134 

direct vision, 109, 1x3, XX5 

fixed-arm, 119 

for photograi^hy, 121 

Littrow, 1x8 

multiple transmission, 1 18, 

120 

wave-length determination by 

means of, 132 
Prisms, 53 et saj, 

— absorption of light in, 78 

— constant deviation, 58 

— curvature of lines produced by, 

85 

— dimensions of, 76 

— direct-vision, 64 

— dispersion of, 62 

— half-, 61 

— loss of light by reflection in, 77 

— materials for, 85 
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prisms, minimum deviation in, 54 
— quartz, in two halves, 97 
— - refraction through, 8, 54 
- — resolving power of, 72, 81 
- — total reflection, 56 
purity of spectrum, 317 


Q 

Quartz, absoriJtion in the ultra- 
violet, 256 

calcite lenses, 105 

— ■ double refraction in, 94 
— - -fluorite lenses, 105 
— • indices of refraction of, 98 
— ■ prism in two halves, 97 
— ■ residual rays of, 243 

right and left handed crystals, 97 

— rotation of plane of polarisation 
in, 97 


R 

li^adiometer, 240 
X^adiomicrometer, 246 
I^amsden eyepiece, 107 
I^ays, residual, 243 
JE^ed region, photographic plates for 
the extreme, 356 

sensitising photographic plates 

for, 351 

Reference spectrum, standard, 27, 
33» 46, 47, 134, 139, 144, 
iFtefraction, angle of, 3 

index of, 2, 55 

influence of temperature upon, 

86 

indices of, for air, 495 

of carbon bisulphide, 86 

of fluorite, 93 

of glasses, 89 

of Iceland spar, 96 

ofmonobromonaphlhalenc, 97 


I Refraction indices of quartz, 98 

of rock-salt, 99 

of sylvin, 99 

— laws of simple, 2 e£ seq, 

— through a prism, 54 
Regularity in the spectrum of anti- 

mony, 510 

of argon, 511 

of tin, 510 

Relation between spectra of the 
elements of one family, 522 
spectral series of one element, 

484 

Residual rays, 243 
Resolution of lines in the magnetic 
field, 451 

Resolving power of echelon grating, 
177 

of prisms, 72, 81 

influenceof absoqDtion, 325 

of ruled grating, 154 

of spectroscope in practice, 316 

Reststrahlen, 243 
Reversal of lines, 26 

— self-, 385, 446 

Rock-salt, indices of refraction 
of, 99 

— residual rays of, 243 

Rotation of the plane of polarisation 
in quartz, 97 

Rowland standard, 33, 36, 40, 
217 

Rubidium, convergence frequencies, 
500 

Ruling engines for gratings, 541 
S 

Salts, absoq)tion spectra of, 405 

— arc spectra of, 368 

— spark spectra of, 378 
Satellite series, 489 
Screws, micrometer, 36, 541 
Self-induction, influence on the 

spark, 379 
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Self -reversal, 385 

Sensitising photographic plates for 
the red, yellow, and green, 351 
Series of lines in spectra, Chapter 
XV 

— diffuse, 474, 484 

— in band spectrum, 51 1 

— in spectrum of antimony, 510 
of argon, 511 

of helium, 503 

of hydrogen, 472, 492 

of lithium, 497 

of potassium, 508 

of sodium, 498, 508 

of tin, 510 

— principal, 484 
satellite, 489 

— sharp, 474, 484 

Sharp series of lines, 474, 484 
Silicon tetrafluoride in vacuum 
tubes, 400 

Silvering mirrors, recipes for, 553 
Slit, the, 48 et seg, 

— for concave grating apparatus, 

193 

— jaws, 50 

Sodium spectrum D, line, Bell’s 
determination of the absolute 
wave-length, 40 

series in the, 498, 508 

Solar ^ectrum, 28 

Angstrom’s^standard, 28 

Cornu’s ultra-violet, 33 

Rowland’s standard, 33, 36, 

40, 217 

Solutions for silvering mirrors, 553 
Spark, influence of self-induction, 
379 

— mechanism of the, 378 

— spectra, 374 
in liquids, 382 

Spectra, absorption of gases, 403 

of organic substances, 409 

of salts, 405 

— arc, 368 


Spectra, arc, in liquids, 382 

— band, 424 

— comparison of, 138 

— continuous, 424 . 

— discontinuous, 25 

— extreme infra-red, 225 

— extreme ultra-violet, 267 

— flame, 364 

— heads and tails in band, 521 

— line^ 425 

— mapping of, 27, 132, 222 

— metallic, 369, 375, 4^5 
banded, 367 

— of compounds, 424 

— of gases, 390 

— phosphorescent, 402 

— plurality of, 441 

— series in band, 51 1 
in line, 47 1 

— spark, 374 
in liquids, 382 

— standard scale of, 27, 33, 46, 47, 
134, 139, 144, 

Spectral series. Chapter X V 

— — of elements of the same 
family, 522 . 

— — of one element, relation 
between, 4S4 

Spectrobolometer, 232 
Spectrograph, 121 

— maximum efficiency of the, 338 

— vacuum, 258 
Spectrometer, lu 
Spectrophotometer, Crova, 406 
Spectroscope, adjustment 0/ grating, 

186, 208 

of prism, 128 

— calibration of prism, 132 

— constant deviation, 117 

— direct vision, 109, 1 13 

— echelon, J74 ei snj, 

— fixed-arm, 59, 118 

— half-prism, 61 

— infra-red, 228, 232, 23S, 244 

— maximum efficiency of, 32S 
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Spectroscope, resolving power, 76 
practical, 316 

— ultra-violet, 258 
Spectroscopic binary stars,- 539 
Spectrum, i 

— Angstrom’s normal solar, 28 
infra-red, 31, 226 et seq, 

— normal, 28 

— of antimony, regularity in the, 
510 

— of argon, regularity in the, 51 1 

— of cyanogen, 368 

— of helium, 503 

— of hydrogen, 472, 492 

— of lithium, scries in the, 497 

— of potassium, series in the, 508 

— of sodium, series in the, 498, 508 

— of tin, regularity in the, 510 

— photography of. Chapter XI 
purity of, 317 

— Howland’s normal solar, 33, 36, 
40, 217 

— solar, 28 

— Swan, 368, 444 

— ultra-violet, 32, 254 
Spectrum lines, breadth of, 430 

half-width of, 276, 321 

harmonic series of. Chapter 

XV 

intensity of, 147 

length of, 377, 437 

resolution of, in a magnetic 

field, 451 

reversal of, 27 

self-reversal of, 385, 446 

structure of, 279, 426 

Speculum metal, 544 
Standard of comparison, 27, 33, 46, 
47 , 134. 139, 144^ 218 

— solar spectrum (Angstriim), 28 

(Fabry and I’erot) 310 

(Howland), 33, 36, 40, 

217 

— wave-lengths of cadmium 
(Michelson), 47, 281 
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Standard wave-lengths of iron, etc. 
(Fabry and Perot), 309 

— — by interference methods, 
47, 281 

Stars, spectroscopic binary, 539 

— variable, 539 
Stereo-comparator, 142 
Structure of spectrum lines, 279, 

426 

Sun, constitution of, 27 

— spectrum of, 28 
Superposition of orders with a 

grating, 39, 211 
Surface bolometer, 231, 251 
SvTan qiectrum, 368, 444 
Sylvin, indices of refraction of, 99 

— residual rays of, 243 

T 

Tables of practical resolving powder 
of spectroscopes, 322, 324 
Tails and heads in band si^ectra. 
S2I 

Tenth-metre, 28 
Testing of gratings, 43, 543 
Tin, regularity in spectrum of, 510 
Total reflection prism, 56 
Travelling micrometer, 141 

— wire eyepiece micrometer, 108 
Triplets of constant frequency 

difference, 474 

— normal (in magnetic field), 453 
Tubes, vacuum, 391 

apparatus for filling, 395 

pressure of gases in, 401 

U 

Ultra-violet region, 32, 254 

— — photographic plates, sensi- 
tive to the exlr(^me (Schumann), 
3 S 9 

— • - photography of, 256, 350 
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V 

Vacuum tubes, 391 

apparatus for filling, 395 

pressure of gases in, 401 

— spiectrograph, 258 
Variable stars, 539 

Vibrator (Fabry and Perot), 372 
Visibility of interference fringes, 

273 

W 

Wave-length, absolute measuie- 
ment of, by grating, 40, 215 

of, by interferometer, 47, 

281 

— change of, by motion in line 
of sight, 535 

of, by pressure, 530 

— measured by comparison with 
standard with grating, 220 


Wave-length measured by com- 
parison with standard with -nter- 
ferometer, 281, 295 

with prism, 132 

Wave-lengths of cadmium lines, 
47 , i 3 S» 2SS, 281 

— of helium, 134 

— of lithium lines, 497 

— of neon lines (red), 140 

— of potassium lines, 508 

— of sodium lines, 498, 508 


Y 

Yellow region, sensitising photo- 
graphic plates to the, 351 


Z 

Zeeman effect, the. Chapter XTV 
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